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Abstract 
 
 
Ingestion of marine debris is an increasingly significant problem for marine wildlife, and is known 
to affect more than 170 marine species worldwide. Debris ingestion can have lethal outcomes either 
through the impaction or perforation of the alimentary system, but it can also have sublethal 
impacts. The world’s seven species of sea turtles, six of which are listed as threatened or 
endangered on the IUCN Red list, are all known to be affected by debris ingestion. Their long 
distance migrations coupled with a life history that incorporates both an oceanic and pelagic 
lifestyle, make them an ideal subject for studying the mechanisms of and threats from debris 
ingestion on a global scale. 
 
The aim of my doctoral research was to identify and characterise the risk factors affecting the 
ingestion of debris by sea turtles, including geographic distribution of debris, species and life 
history stage of turtles and visual and physical characteristics of debris ingested by turtles. Since sea 
turtles are primarily visual predators, the visual characteristics of the debris they ingest can help us 
to gain further insight into why they eat such harmful items. 
 
The impact of debris on sea turtles was first brought to attention by Balazs in 1985, in a paper 
summarising all known instances of both entanglement and ingestion. Subsequently a number of 
studies much smaller in scope were published. My analysis of all studies published since Balazs’ 
review revealed that the likelihood of debris ingestion has increased for both green and leatherback 
sea turtles, and shows an increasing trend for loggerhead turtles. Additionally, turtles that are 
omnivores, herbivores and gelatinovores (hawksbill, green and leatherback turtles) are more at risk 
than carnivorous species (loggerhead and Kemp’s ridley turtles). Plastics are by far the most 
commonly cited items of marine debris ingested by turtles. 
 
Understanding why turtles ingest debris first requires an understanding of what types of debris they 
ingest and their selectivity towards different items. A comparison of debris ingested by stranded sea 
turtles to debris found in the environment shows that benthic-feeding sea turtles select for soft, 
clear, plastics, while pelagic-feeding sea turtles prefer hard, white plastics, and are much less 
selective in their ingestion. To further investigate selectivity from the point of view of the turtle, I 
developed a visual model for the way turtles see the debris they ingest and compared it to 
environmental debris. Turtles preferentially select non-blue coloured items, and strongly prefer 
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highly transparent and flexible items. This lends support for the hypothesis that they eat plastic 
because it resembles one of their natural prey items, jellyfish, and also suggests they may detect 
items that contrast against a blue ocean background more efficiently. 
 
Jellyfish and other transparent animals are partially birefringent, meaning that some of their tissues 
polarise light. Predators with developed polarisation vision may use this visual capability in 
locating jellyfish and other transparent prey. Plastic bags also alter the polarisation of light. If sea 
turtles are able to see polarised light, this could be an additional source of confusion between 
turtles’ natural prey of jellyfish and the bags that they often ingest. I used the innate phototaxis of 
sea turtle hatchlings to investigate their ability to see polarised light. Results suggested that sea 
turtles might possibly detect polarised light, but further data collection is required to confirm or 
reject the hypothesis. 
 
Finally, I synthesised the factors influencing debris ingestion by turtles into a global risk model, 
taking into account the area where turtles are likely to live, their life history stage, the distribution 
of debris, the time scale, and the distance from stranding location. The model was ground-truthed 
using data from stranded sea turtles. I showed that life history stage, species, proximity to stranding 
location, and the date of stranding are all critical model parameters. Life history stage is the 
strongest predictor for the likelihood of ingesting debris, with young, oceanic-feeding turtles most 
likely to ingest debris. The best-fit model takes into account plastic concentrations within 350 km or 
less from the stranding location, rather than across the entire habitat range, and uses the debris 
concentrations that would have been present when the turtles stranded. 
 
My doctoral research concluded that sea turtles, particularly green, loggerhead, and leatherback 
turtles, are at high and increasing risks from plastic ingestion. Importantly, comparative studies 
show that the problem is not unique to turtles. If we are to address this growing negative impact on 
marine and other life, we must take a comprehensive approach, addressing the issue at all scales 
including manufacturing, consumer choice, waste reduction, disposal, and removal. 
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Chapter 1  
 
General Introduction 
 
 
 
 
Marine debris, defined here as any form of discarded anthropogenically produced material entering 
the oceans either accidentally or on purpose, is an increasingly significant global problem, causing 
impacts to both wildlife and humans. Despite a host of studies investigating the presence of debris 
on our shorelines (e.g. Lucas 1992; Ribic & Ganio 1996), floating in oceanic waters (e.g. Law et al. 
2010; Eriksen et al. 2013), and on the benthos (e.g. Galgani et al. 2000), we have little idea of how 
much debris is currently in our oceans, and how much we add to it annually. It is clear that the 
majority of that debris, approximately 75%, is plastic in nature (Secretariat of the Convention on 
Biological Diversity and the Scientific and Technical Advisory Panel (GEF) 2012), and that the 
debris originates from both land-based and ship-based sources (Ryan et al. 2009). However, due to 
the dynamic nature of the ocean surface, and the large area involved, it is also difficult to know 
where the debris accumulates, and thus where it will cause the greatest impacts.  
 
Figure 1.1 Debris on an Indonesian beach. Photo by Diana 
Kleine 
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Implications of marine debris to humans and wildlife  
Marine debris has a host of implications for both humans and wildlife. Economically, debris-related 
damages to the marine industry are substantial. In 2008 alone they were estimated at $1.26 billion 
per year to the 21 Asia Pacific rim economies (McIlgorm et al. 2011). These costs emerge from a 
number of different sources. Debris can directly damage vessels involved in leisure, transport or 
fishing (Takehama 1989). In addition to the direct 
damages to vessels sustained as a result of encounters 
with marine debris, ghost nets and other discarded 
fishing gear can have ramifications for fisheries 
industries, by decreasing target stock levels and their 
prey items, and damaging sensitive habitat (Matsuoka et 
al. 2005; Havens et al. 2008). Debris can also be 
detrimental to the tourism industry through reduced or 
altered visitation to beaches, as well as to potential 
losses in private sector investment in dirty or polluted 
areas (Ballance et al. 2000; Ofiara 2001). Direct human 
health impacts can result from abandoned sharps and at-
sea interactions between vessels and large floating 
debris (Sheavly & Register 2007), and potentially from 
exposure to BPA, phthalates and other plastic additives 
(Thompson et al. 2009). 
 
For wildlife, the costs are even greater, causing a range of complications including mortality. The 
direct impacts to wildlife fall under two main categories; entanglement and ingestion, though debris 
can also indirectly impact wildlife through alteration of habitat and transport of invasive species 
(Barnes 2002; Richards & Beger 2011). Over 660 species are recorded to have been affected by 
marine debris entanglement or ingestion (Secretariat of the Convention 2012). 
 
Marine debris entanglement 
Entanglement in derelict crab pots, ghost nets, or other debris often results in rapid death for air-
breathing animals, as they cannot reach the surface to breathe, causing death by drowning (Laist 
1987). However, not all entanglement impacts cause such a relatively quick mortality. Animals may 
become entangled in smaller items such as fishing line, which can inhibit normal movement and 
lead to exhaustion, malnutrition, and ultimately death from starvation or predation (Laist 1987). 
Figure 1.2 Tourists on a debris-laden 
beach on North Stradbroke Island. 
Photo by Heidi Acampora 
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Alternatively, debris can cause abrasion of skin and muscle, and in severe cases, may even result in 
amputation of limbs (Wallace 1985). All of these physical insults make the animal more susceptible 
to predation, infection and disease (Laist 1987).  
 
The impacts resulting from entanglement are not restricted solely to marine debris; in fact, 
entanglement in nets and lines from active fisheries (known as bycatch) is among the leading causes 
of death for at least some species. Loggerhead (Caretta caretta) and leatherback (Dermochelys 
coriacea) turtles in particular often feed on longline baits (Kaplan 2005; Peckham et al. 2008) and 
many species of turtle are susceptible to entanglement in a variety of nets, including gillnets, trawls, 
and pound nets (e.g. Godley et al. 1998; Gallo et al. 2006). For turtles, mortality from fisheries can 
range dramatically, from 4% in some longline fleets, to 50% in Mediterranean gillnet fisheries 
(Lewison & Crowder 2007).  
 
Unless the animal is observed entangled in non-fishing related debris, it can be challenging to tell if 
it has become entangled as a result of bycatch or from free-floating marine debris. Wounds inflicted 
by entanglement in marine debris and in active fishing gear appear similar. Because of the difficulty 
in distinguishing between active bycatch and entanglement in derelict fishing gear or marine debris, 
and because the focus of my research is specifically on the impacts of marine debris, this thesis 
does not address entanglement, but rather focuses on problems associated with ingestion of marine 
rubbish.  
 
Marine debris ingestion 
Ingested debris can perforate the gut wall, leading to septicaemia and ultimately death (Walker & 
Coe 1989). Alternatively, pieces of debris can cause impaction or blockage of the gastrointestinal 
tract. This results in secondary problems, including abrasion of the gut wall by impacted material 
(Wallace 1985). Additionally, as blocked ingesta decomposes, it creates gases that build up in the 
gastrointestinal system, which can cause diving animals such as sea turtles to float (Wyneken 
2001). This condition prevents them from diving normally, leading to starvation, dehydration, and 
reduced overall fitness (Hart et al. 2006). They are more susceptible to parasitism, and this cascade 
of effects usually results in a long, slow death. 
 
Ingested marine debris can also have non-lethal impacts. Not all debris blocks or perforates the 
intestine; debris can remain in the gastrointestinal tract for extended periods, while normal bowel 
function continues. During this time, animals can suffer from nutrient dilution, a condition in which 
  4 
the indigestible material takes up room in the gastrointestinal system without adding nutritional 
content (McCauley & Bjorndal 1999). If animals are not able to upregulate their food intake to 
compensate, they will suffer from malnutrition. Though this may not ultimately result in death, it 
can affect growth rates, reproductive output, fecundity and survivorship, and ultimately have long 
term population-level impacts (McCauley & Bjorndal 1999).  
 
Long residence times for plastic in the 
gastrointestinal system may also have 
toxicological implications for wildlife. Plastics 
contain a variety of compounds known as 
‘plasticisers’ which are used to harden or 
soften plastic, or to create other desirable 
characteristics. These compounds include 
phthalates and bisphenol A (BPA), chemicals 
that are believed to be endocrine disruptors. 
Animals exposed to compounds such as 
phthalates and BPA showed adverse impacts 
on reproductive functionality, particularly 
during developmental stages (Talsness et al. 
2009). Exposure to plasticisers affects 
reproduction in annelids, molluscs, 
crustaceans, insects, fish and amphibians 
(Oehlmann et al. 2009). In molluscs, exposure 
to phthalates caused a 49% decrease in 
population density (Tagatz et al. 1986), while even very low levels of BPA were found to be acutely 
toxic for certain crustaceans (Oehlmann et al. 2009).  
 
In addition to plasticisers, plastic marine debris can carry other toxic burdens. Plastics act as 
accumulators, absorbing toxic chemicals such as PCBs and heavy metals from the ocean (Mato et 
al. 2001). When marine plastics are ingested by wildlife, these compounds can potentially leach into 
the animals’ tissues. Ryan et al. (1988) found a positive correlation between plastic ingestion and 
PCB concentrations in breeding Great Shearwaters. This finding was supported by a feeding 
experiment which demonstrated that PCBs can transfer from plastic pellets to shearwater chicks fed 
with these pellets (Teuten et al. 2009).  
 
Figure 1.3 A selection of the debris found in a 
single flesh-footed shearwater.  
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In some areas, certain species of wildlife are highly prone to ingestion of marine debris. In the 
North Sea debris ingestion by fulmars is so widespread, with up to 95% of birds found to have 
ingested debris, that ingestion rates have been used as an ecological indicator for ocean debris (van 
Franeker et al. 2011). In a study in southern Brazil, 100% of stranded green sea turtles (Chelonia 
mydas) had ingested debris (Tourinho et al. 2010). However, despite a broad range of research 
investigating the impacts of debris ingestion in a variety of species, including manatees (Beck & 
Barros 1991), fishes (Boerger et al. 2010), dolphins (Denuncio et al. 2011), whales (Jacobsen et al. 
2010), crustaceans (Murray & Cowie 2011), seabirds (Spear et al. 1995), and turtles (Balazs 1985), 
for many of these animals we know very little about the factors influencing debris ingestion, such as 
the effect of geographic debris distribution on debris ingestion rates, whether certain species or life 
history stages are more prone to debris ingestion than others, and whether the frequency of debris 
ingestion is changing over time.  
 
Factors that may influence debris ingestion 
Location – Given the patchy nature of debris accumulation in the world’s oceans (Barnes et al. 
2009), it stands to reason that animals feeding in different locations would be exposed to differing 
amounts of marine debris. If debris ingestion were directly correlated with encounter rates, these 
different populations would therefore ingest debris in different quantities. Few studies have tested 
this hypothesis, but Young et al. (2009) described two populations of Laysan albatross in the North 
Pacific, one of which foraged more frequently in the Western Pacific garbage patch area, and 
brought home more plastic debris to chicks than the population foraging outside of the debris 
accumulation zone. Fulmars in Canada experienced lower debris ingestion rates than those in the 
North Sea, a difference which may result from relatively cleaner seas in the Arctic (van Franeker et 
al. 2011; Lebreton et al. 2012), while higher ingestion rates in adult Procellariiformes in the Pacific 
were attributed to their ability to feed along fronts and convergence zones where debris 
concentrations are higher (Spear et al. 1995).  
 
Currently our best estimates of where marine debris ends up derive from ocean current modelling 
(e.g. Lebreton et al. 2012; Maximenko et al. 2012). These models are based on drifter data and 
predict major debris accumulation zones in the five oceanic gyres around the globe. One of the 
earliest such models, developed by Maximenko and colleagues (2012), released particles uniformly 
from around the globe where drifter data exist and produced a prediction at the end of a 10 year 
model integration time. This prediction was ground truthed by an expedition conducting ocean 
trawl sampling within the South Pacific subtropical gyre (Eriksen et al. 2013). Data from this 
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expedition indicate that the model accurately predicts the location of the major accumulation zones, 
but not the relative amount of debris within each of them. Later models have incorporated ancillary 
data to improve predictions, including scaling release locations to coastal population density or to 
impervious surface area (Lebreton et al. 2012; van Sebille et al. 2012). Because these models are 
based on drifter data there are inherent limitations to their utility. We do not have adequate data for 
certain areas of the globe, including regions of SE Asia, and the models do not accurately predict 
the influence of meso-scale scale ocean currents (Maximenko et al. 2012). However, for 
investigating debris distribution on a global scale, they are extremely useful tools. 
 
Species – Different species feeding even in the same geographic areas may utilise different feeding 
strategies, exploit differing habitats, and target different prey, and may therefore vary in debris 
ingestion. In seabirds, differences in debris ingestion rates between species are commonly attributed 
to feeding techniques or target prey items. Pattering, surface seizing and pursuit plunging/diving 
groups are more likely to ingest debris than those feeding by plunging, piracy or dipping, while 
birds that eat crustaceans and cephalopods are more likely to ingest debris than fish-eaters (Moser 
& Lee 1992). 
 
Life stage – Some animals exploit very different habitats and change their feeding strategies at 
different life stages, which could expose them to different plastic loads. It has also been 
hypothesised that younger animals are more likely to feed on potentially harmful plastic items 
because of their naiveté with the material (Day et al. 1985). Recently weaned dolphins in Argentina 
were more likely to ingest debris than older animals, perhaps because they are naïve consumers 
(Denuncio et al. 2011). Adult seabirds may be less likely to carry high plastic loads due to 
offloading to chicks through regurgitation feeding (Ryan 1988).  
 
Time - Since the 1950s global plastic production has increased exponentially, to the point where 
288 million tons of plastic were produced in 2012 (PlasticsEurope 2013). Advances in recycling 
and the use of disposed plastics for energy reclamation in some developed countries, combined with 
the implementation of the International Convention for the Prevention of Pollution from Ships 
(MARPOL) which regulates dumping of debris at sea (Peet 1992), may reduce the influx of plastics 
into the ocean from certain sources. However, with the increasing production of plastics in 
countries with less well-developed waste management systems, and the persistence of plastics in the 
marine environment, it is inevitable that the amount of debris in our oceans will continue to increase 
over time unless radical changes are implemented.  
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This increase in plastic production is reflected by experimental evidence showing increases in the 
amount of marine debris in the environment, especially during the 1980s-1990s. At Inaccessible 
Island in the South Atlantic Ocean, shoreline debris increased between 1984-1990 (Ryan & 
Moloney 1993), while in the Antarctic, similar increases were found between 1990-1995 (Walker et 
al. 1997). Ocean trawls in the North Atlantic indicated a four-fold increase in plastic debris between 
the mid-1970s and 1987 (Wilber 1987). However, more recent research indicates that debris 
amounts on beaches and the ocean surface is geographically variable, and in many areas, may be 
levelling off (Barnes et al. 2009). A study investigating floating debris in the North Atlantic 
between 1986 and 2008 did not discover increasing trends in plastic debris (Law et al. 2010). This 
may reflect a stabilisation of the amount of debris entering the ocean; however a more likely 
explanation is that the debris is now distributed in habitats that are less well studied, such as the 
deep-sea benthos, or the debris is breaking down into pieces that are too small to be accurately 
measured with the techniques used in the study. Indeed micro-debris, defined as debris less than 5 
mm in diameter, increased by a magnitude of two in the North Pacific Subtropical Gyre between 
1972-1987 and 1999-2010 (Goldstein et al. 2012). 
 
Similar results can be seen in studies of animals ingesting ocean debris, with earlier results 
indicating increasing debris ingestion, while more recent studies have found a levelling off of debris 
ingestion by animals in the past decade (Ryan et al. 2009). Sampling 24 different seabird species in 
the North Pacific between 1969-1977 and 1988-1990, Robards and colleagues (1995) found 
increases not only in the frequency of plastic ingestion and the amount of debris ingested, but also 
in the total number of species ingesting debris. At Midway Island both the percentage of Laysan 
albatross chicks that had ingested plastic and the mass of plastic they ingested rose significantly 
between 1966 to 1995 (Auman et al. 1997). Fulmars in the Netherlands experienced a dramatic 
increase in the amount of plastic ingested between the 1980s and 1997, but data between 1997 and 
2007 indicate an initial decrease followed by a levelling off of ingestion amounts. Similarly, the 
proportion of leatherback turtles ingesting debris increased dramatically from the pre-1900s until 
approximately 1980 then levelled off and even showed decreasing trends until 2005 (Mrosovsky et 
al. 2009). 
 
However, there are several studies that have not found increases in ingestion rates over time. Five 
species of seabirds sampled in the Atlantic and Southwest Indian oceans in the 1980s and then in 
1999-2006 did not show an increase in the number of plastics ingested (Ryan 2008), and short-
tailed shearwaters in the Bering Sea did not change in frequency of ingestion or amount of plastics 
ingested between the 1970s and the late 1990s-2001, though there was a significant increase in 
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ingestion frequency between 1970-1978 (van Franeker et al. 2011). It is possible that the gap in 
experimental data in these studies has masked early increases in ingestion rates, and the data 
therefore only show the later levelling off or decrease in rates. There is also variability in trends 
over time for different species. Comparing ingestion rates for 33 different species between 1975-
1981 and 1982-1989, only seven seabird species (all Procellariiformes) showed an increase in 
ingestion frequency while the others remained constant (Moser & Lee 1992). 
 
Target taxa – sea turtles 
Much of the research on the factors influencing debris ingestion in wildlife, such as geographic 
variability, species, and temporal changes have been conducted on seabirds (but see Mrosovsky et 
al. 2009). However, other species of wildlife are also extremely prone to debris ingestion. Two 
species of turtle, the loggerhead sea turtle and the green sea turtle are among the top six species in 
the world most heavily impacted by ingestion or entanglement (Secretariat of the Convention 
2012). Loggerhead turtles have been selected as a biological indicator for monitoring debris 
concentrations in Europe, and particularly the Mediterranean (Galgani et al. 2013). Sea turtles are 
an excellent subject for a debris study because there are only a limited number of species and they 
widely distributed across the globe, allowing for geographical comparisons between populations 
(Halpin et al. 2009). All seven species of sea turtles have been documented to ingest marine debris 
(Balazs 1985; Schuyler et al. 2012), and because 6 of the 7 are listed as threatened or endangered on 
the IUCN Red List (with the exception of the flatback (Natator depressus), which is data deficient), 
it is of critical importance to understand the factors leading to their mortality. Their unique life 
history, with many species having both a benthic and a pelagic phase of life (Heppell et al. 2003), 
allows us to investigate a variety of the factors influencing debris ingestion across a single taxa.  
 
Life history of sea turtles 
Sea turtles generally exhibit one of three different life history patterns. Leatherback sea turtles and 
certain populations of loggerheads develop primarily in the open ocean environment (a pelagic or 
oceanic lifestyle) except when they return to land to nest. Conversely, flatback sea turtles are not 
known to utilise an open ocean habitat at all, but remain within nearshore coastal waters for the 
duration of their lives (neritic lifestyle).  Most species, however, fall into a third pattern that has 
both oceanic and neritic phases. Green, hawksbill (Eretmochelys imbricata), Kemp’s ridley 
(Lepidochelys kempii), olive ridley (Lepidochelys olivacea) and many loggerhead sea turtles 
develop as post-hatchlings in the open ocean then recruit to the coastal environment for the 
remainder of their lives (Bolten 2003). However, these life patterns may be more dynamic than 
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previously thought. Some individuals and populations feed in both open ocean and neritic areas and 
even switch back and forth (Godley et al. 2008; Rees et al. 2012).  
 
Species utilising an oceanic development habitat are thought to do so because of decreased 
predation risks, although food resources far from shore are more patchy and less reliable (Bolten 
2003). These oceanic post-hatchlings generally drift with the currents and aggregate in oceanic 
fronts and downwelling zones. These zones provide enhanced shelter and food resources, but also 
accumulate floating marine debris, placing the hatchlings at increased risk from debris ingestion 
(Witherington 2002; Witherington et al. 2012). Oceanic turtles generally feed at the ocean surface, 
only rarely diving to shallow depths (Frick et al. 2010). Most species of turtle at this stage have a 
similar diet, feeding primarily on planktonic molluscs, crustaceans, and gelatinous organisms 
(Boyle & Limpus 2008).  
 
Once turtles recruit back to the coast, different feeding patterns emerge between species. Most 
species begin to feed benthically, although all species of sea turtles will opportunistically feed on 
jellyfish when available (Carr 1987; Arthur et al. 2007). Leatherbacks are gelatinovores, feeding 
exclusively on gelatinous species, while carnivorous loggerhead and Kemp’s ridley turtles feed 
mostly on hard shelled crustaceans and molluscs (Bjorndal 1997). Flatback turtles are also 
carnivorous but they target soft-bodied invertebrates such as sea pens, jellyfish, and soft corals 
(Bjorndal 1997). Green turtles are the only herbivorous species, and eat primarily seagrass, algae, 
and sometimes mangrove seedlings (Bjorndal 1997). Both olive ridley and hawksbill turtles are 
omnivorous, though hawksbills more narrowly prefer sponges and algae (Bell 2012). 
 
Once the juvenile turtles reach maturity, many species undertake long distance breeding migrations 
and can travel thousands of kilometres to return to their natal beaches, through both nearshore and 
offshore waters (Limpus et al. 1992). Between post-hatchling migrations, juvenile coastal feeding, 
and breeding migrations, turtles may encounter debris both close to shore and in the open ocean 
during various stages of their lives. To date no studies have assessed where turtles are most at risk 
from encounters with marine debris.  
 
Selectivity 
Post-hatchling turtles are thought to be fairly non-selective in their feeding, which likely reflects the 
diversity of food sources present in upwelling and convergence zones where they feed, as well as 
the overall paucity of food in the open ocean environment (Boyle & Limpus 2008). After 
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recruitment to coastal areas, however, turtles do become more selective about the food they ingest. 
Benthic feeding green turtles prefer particular species of seagrass over others and even tend 
“grazing plots,” where they target new leaves, which are easier to digest and have higher nutritional 
value (Bjorndal 1980). Hawksbill turtles also preferentially ingest particular items over others, even 
when their favourite items are less available in the environment (León & Bjorndal 2002).  
 
Some studies have found a similar selectivity in the type or colour of debris ingested by turtles, 
although others have not reached the same conclusions. Only white and transparent objects were 
ingested by loggerheads in Malta (Gramentz 1988), though Tourinho et al. (2010) did not find that 
green turtles in Brazil selectively ingested particular colours of debris. Similarly, Tomas concluded 
that loggerhead turtles in the Mediterranean are non-discriminatory in the debris that they ingest 
(2002). However, these analyses did not compare the prevalence of ingested debris with the debris 
available to turtles, so it is difficult to assess the actual selectivity of the animals. Additionally, few 
if any studies have addressed debris selectivity for species other than loggerhead and green turtles. 
 
Sea turtles are primarily visual predators (Southwood et al. 2007). Although they can and do utilise 
olfaction to orient to prey, this has been found to be secondary to vision. Leatherback post-
hatchlings can detect both chemical and visual cues, but when presented with both simultaneously, 
they respond to visual cues and ignore chemical cues (Constantino & Salmon 2003). This may 
explain why loggerhead sea turtles are caught on longlines primarily during daylight hours, while 
the target species swordfish are caught irrespective of time of day (Baez et al. 2007). Loggerhead 
turtles even approach plastic bags in a similar manner to their approach to jellyfish prey (Narazaki 
et al. 2013). Therefore understanding the visual ecology of sea turtles and how marine debris 
appears to turtles visually, may offer clues as to why they ingest particular types of debris.  
 
Sea turtle vision 
Light entering a turtle’s eye passes first through the cornea, then the spherical lens, and then 
through a fluid filled sac, these transparent substances together making up the ocular media (Bartol 
& Musick 2003). The light then reaches the retina, which, as in other vertebrates, comprises seven 
layers. The photoreceptor layer contains rods for vision in dim light, cones for vision in bright light, 
and also double cones (Bartol & Musick 2003). Although the function of the double cone is not 
entirely clear, it is thought to assist in discrimination of luminance levels (Bowmaker 1990; 
Marshall et al. 2003). Before the light reaches the outer layer of the photoreceptors, it passes 
through an oil droplet (Fritsches & Warrant 2013). As in many other reptiles and birds, sea turtles 
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cones are paired with both coloured and clear oil droplets, which filter the light entering the cones 
(Bowmaker et al. 1997; Hart 2001; Bartol & Musick 2003). The function of oil droplets is 
hypothesised to increase the discriminability of colour vision by narrowing the wavelengths 
absorbed by the cone and expanding chromatic space (Vorobyev 2003). In comparison to their 
freshwater relatives, sea turtles have oil droplets with absorbance maxima shifted to slightly shorter 
wavelengths. Additionally the absorbance spectra of their cone pigments are shifted slightly toward 
shorter wavelengths, an adaptation that may make them more sensitive to the light environment of 
their ocean habitat (Granda 1979; Lythgoe 1979). 
 
Sea turtles have at least three different cone photoreceptors, including a short wavelength sensitive 
cone (SWS), a medium wavelength sensitive cone (MWS), and a long wavelength sensitive cone 
(LWS), meaning that they most likely have trichromatic colour vision (Gegenfurtner & Kiper 2003; 
Fritsches & Warrant 2013). Reliable measurements of retinal pigments for green and loggerhead 
turtles exist, but not for other species of sea turtle (Granda 1979). Recent evidence suggests that sea 
turtles may also have a UV-sensitive cone (UVS) (Mäthger et al. 2007), firstly because UVS cones 
have been described for the freshwater turtle Trachemys scripta (Loew & Govardovskii 2001). 
Additionally, four different oil droplets have been found in the green sea turtle retina, suggesting 
that they might have a fourth type of cone photoreceptor, making them tetrachromatic. Green turtles 
possess two types of clear oil droplets, one of which fluoresces when exposed to UV light, and the 
other which does not (Mäthger et al. 2007). These adaptations strongly suggest that sea turtles, like 
their freshwater relatives, have a fourth, UV-sensitive cone pigment and are therefore likely 
tetrachromats.  
 
Polarisation vision 
Ultraviolet vision has been linked to the ability to see polarised light in some fishes (Parkyn & 
Hawryshyn 1993). Possession of double cones has also been linked to polarisation sensitivity 
(Horváth & Varjú 2004). It is also known for a number of animals that polarisation sensitivity may 
improve visual discrimination or distance viewing underwater (Marshall & Cronin 2011). It is 
conceivable that sea turtles may also benefit from sensitivity to polarised light. Polarised light 
sensitivity has a number of potential functions, including navigation (Dacke et al. 2003), 
communication (Marshall et al. 1999), assisting predators in locating translucent prey against an 
ocean background (Johnsen et al. 2011) and increasing visualisation distance in the scattering or 
turbid aquatic environment (Schechner & Karpel 2004). Many species of sea turtles undertake 
lengthy migrations during both their post-hatchling phase and during reproduction (Limpus et al. 
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1992; Bolten 2003). Although several studies have found that a magnetic compass is the primary 
way in which they orient (Lohmann & Lohmann 1996; Lohmann et al. 2012), it is also clear that 
they can use multiple cues for navigation (Avens & Lohmann 2003). Polarisation vision could be an 
additional sense used for direction finding. There has only been one study published investigating 
the ability of turtles to see polarised light, which concluded that loggerhead turtles did not use 
polarisation sensitivity for maintaining a heading, at least in the early hatchling stages (Mäthger et 
al. 2007). Mora and colleagues found slight evidence of polarisation sensitivity in loggerhead turtles 
but results were weak or inconclusive (Mora et al. 2005). 
 
Polarisation vision might also assist turtles in finding translucent jellyfish. Polarisation sensitive 
receptors can increase contrast between transparent prey and the ocean background (Johnsen et al. 
2011). Because all species of sea turtles do, at some stage of life, feed on transparent prey, 
polarisation sensitivity could be beneficial. However, plastic bags are also thought to polarise light 
(Horváth et al. 2009), which could cause an additional source of confusion between plastic and food 
items if turtles do indeed discriminate polarised light.  
 
Aim and objectives 
The overarching aim of this study was to investigate the factors influencing debris ingestion by sea 
turtles, including geographic distribution of debris, species and life history stage of turtles and 
visual and physical characteristics of the debris ingested by turtles. 
 
The specific objectives were  
1. To identify if and how the risk of debris ingestion varies for different species and life history 
stages of sea turtles, 
2. To evaluate whether green sea turtles and hawksbill turtles exhibit selectivity for specific 
types of plastic marine debris encountered at sea,  
3. To investigate how green turtles see plastic, in terms of contrast and discrimination, using 
both their colour and putative polarisation sensitivity, and 
4. To identify if and how the risk of debris ingestion varies geographically with respect to 
global debris distribution. 
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Thesis chapter outline 
There are 7 chapters in this thesis, including this introductory chapter and a final summarising 
chapter. Chapters 2, 3, and 4 have already been published and are presented here as published, but 
formatted for consistency. Chapter 5 is presented in pre-submission stage, as additional data will 
need to be gathered before submission. Chapter 6 is currently in preparation for submission. Each 
manuscript consists of an abstract, introduction, methods, results, and discussion, and as they are 
intended as stand-alone documents, there may be some repetition between chapters.  
 
I begin by conducting a historical analysis of records of debris ingestion by turtles to determine 
whether there have been increases in debris ingestion over time, which species are most likely to 
ingest debris, what types of debris are most commonly ingested by sea turtles globally, and whether 
there is a relationship between the location of marine debris and ingestion rates (Chapter 2, 
Objective 1). 
 
I then focus more specifically on debris selectivity, and whether turtles preferentially ingest 
particular types and colours of debris. I characterise the debris present both in the gastrointestinal 
system of stranded sea turtles as well as in the environment, to evaluate potential selectivity in 
debris ingestion by green and hawksbill turtles, and how this differs between life history stages 
(Chapter 3, Objective 2). 
 
Because turtles are visual predators, it is important to examine what they ingest not only from a 
human perspective, but also from the point of view of a turtle. To that end I develop a model visual 
system for the green sea turtle and investigate how the debris that turtles ingest appears to them. I 
compare to the debris in the environment in order to test the hypothesis that turtles eat debris 
because of its similarity to prey, especially jellyfish (Chapter 4, Objectives 2 and 3).  
 
An additional factor that could cause confusion between jellyfish and plastic is polarisation. If 
turtles are able to see polarised light, this may help them to find transparent prey, but might also 
make them more likely to ingest plastic bags. I therefore investigate the ability of sea turtles to 
detect polarised light (Chapter 5, Objective 3) 
 
Finally, I use modelling to investigate the global risk of plastic ingestion to sea turtles, in an effort 
to determine where to focus conservation efforts (Chapter 6, Objective 4).  
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Chapter 7 summarises the key findings of this thesis, provides a general discussion and summary of 
results, discusses the implications and limitations of the research, and nominates directions for 
further study. 
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Chapter 2  
 
A global analysis of anthropogenic debris ingestion by sea turtles 
Published in Conservation Biology August 2013 
 
Abstract 
Marine debris ingestion can have lethal and sublethal effects on sea turtles and other wildlife. 
Although researchers have reported on ingestion of anthropogenic debris by marine turtles and 
implied incidences of debris ingestion have increased over time, there has not been a global 
synthesis of the phenomenon since 1985. Thus, we analysed 37 studies published from 1985 to 
2012 that report on data collected from before 1900 through 2011. Specifically, we investigated 
whether ingestion prevalence has changed over time, what types of debris are most commonly 
ingested, the geographic distribution of debris ingestion by marine turtles relative to global debris 
distribution, and which species and life-history stages are most likely to ingest debris. The 
probability of green (Chelonia mydas) and leatherback turtles (Dermochelys coriacea) ingesting 
debris increased significantly over time, and plastic was the most commonly ingested debris. 
Turtles in nearly all regions studied had ingested debris, but the probability of ingestion was not 
related to modelled debris densities. Furthermore, smaller, oceanic-stage turtles were more likely to 
ingest debris than coastal foragers, whereas carnivorous species were less likely to ingest debris 
than herbivores or gelatinovores. Our results indicate oceanic leatherback turtles and green turtles 
are at the greatest risk of both lethal and sublethal effects from ingested marine debris. To reduce 
this risk, anthropogenic debris must be managed at a global level.  
 
Introduction 
Plastics in the environment 
Although there are few empirical data on the quantity of anthropogenic debris (hereafter debris) 
entering the marine environment, estimates place it at approximately 6.4 million tons annually 
(UNEP 2005), about 80% of which is thought to originate from land-based sources (Faris & Hart 
1994). However, these estimates do not take into account aperiodic events that can cause dramatic 
point-source increases, such as the 2011 Japanese tsunami which created an estimated 1.5 million 
tons of floating debris (NOAA 2012).  Because there is presently no way to map the movement of 
debris in real time, best estimates of where debris accumulates come from oceanographic models. 
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Work by Lebreton et al. (2012) predicts that floating debris accumulates in five main oceanic gyres 
and occurs predominantly in subtropical regions. Debris gathers in drift lines and convergence 
zones, which are also important feeding areas for many oceanic species, including sea birds, pelagic 
fish, and sea turtles (Ashmole & Ashmole 1967; Carr 1986). 
 
Plastic is the primary type of debris found in marine and coastal environments (Derraik 2002), and 
plastics are the most common form of debris ingested by wildlife (Mrosovsky et al. 2009; van 
Franeker et al. 2011; Schuyler et al. 2012). With the exponential increase in global plastic 
production over the past 60 years (PlasticsEurope 2009), it is likely that effects on marine wildlife 
from ingestion of plastic have also increased. Ingestion of marine debris affects over 170 species 
(Laist 1997). Debris ingestion can result in death by perforation or impaction of the gastrointestinal 
system and toxic compounds in the plastics may have sublethal effects on development and 
population dynamics (Oehlmann et al. 2009).  
 
Six of the world’s 7 species of sea turtles have been found to ingest debris, with the exception of the 
flatback sea turtle (Natator depressus) (Balazs 1985; Ceccarelli 2009). All six are listed as globally 
vulnerable or endangered (IUCN 2012). In 1985 Balazs summarised all known cases of sea turtle 
interactions with marine debris. Since then, researchers from around the world have investigated 
debris ingestion by turtles on local or regional scales (e.g. Tomas et al. 2002; Lazar & Gracan 2011; 
Schuyler et al. 2012). Results of a historical analysis of debris ingestion by leatherback turtles 
showed a long-term increase in ingestion frequency (Mrosovsky et al. 2009), but there has been no 
global review of debris ingestion for all turtle species since 1985. Understanding the factors that 
affect debris ingestion by turtles, including types of debris ingested, global distribution of debris, 
and life history and feeding ecology, may help focus management priorities on reducing plastics in 
the marine environment and decreasing the potential for debris ingestion.  
 
Turtle life history and feeding ecology 
Sea turtle species have different lifestyles. At various stages of their lives, they may live and feed 
primarily in open ocean, predominantly in neritic areas, or they may switch back and forth (Walker 
& Parmenter 1990; Bolten 2003; Godley et al. 2008; Rees et al. 2012). Turtles living in oceanic or 
coastal environments and feeding pelagically or benthically may encounter very different densities 
and types of marine debris, and may therefore have different probabilities of debris ingestion.  
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Feeding preference may also affect the probability of debris ingestion by turtles. Most neonate 
turtles have generalist diets that become more specialised as they recruit to the coastal environment 
(Plotkin et al. 1993; Boyle & Limpus 2008). Adult green turtles are primarily herbivorous (Bjorndal 
1997), whereas loggerhead (Caretta caretta) and Kemp’s ridley (Lepidochelys kempii) turtles are 
primarily carnivorous and eat crustaceans, molluscs, and other hard-bodied organisms (Bjorndal 
1997). Although flatback turtles are also carnivorous, they primarily eat soft-bodied invertebrates 
(Sperling et al. 2007). Olive ridley (Lepidochelys olivacea) and hawksbill turtles (Eretmochelys 
imbricata) are omnivorous, although hawksbills feed mostly on sponges and algae (Bell 2012). 
Leatherback turtles feed exclusively on jellyfish and other gelatinous organisms (Shaver 1991; 
Bjorndal 1997). These different feeding preferences may affect the types and amount of debris 
turtles encounter and are likely to ingest.  
 
Estimating frequency of plastic ingestion  
There is currently no reliable method for assessing plastic ingestion in live turtle populations. 
Results of some dietary studies in which lavage (Seminoff et al. 2002b; Witherington 2002) or 
faecal analyses were used showed turtles ingested plastics (e.g. Seminoff et al. 2002b; Casale et al. 
2008), but these techniques almost certainly underestimate debris ingestion because only a small 
subset of the gastrointestinal tract is sampled. Seminoff et al. (2002b) found 1.9% of 101 lavaged 
turtles had ingested debris: 41 of these turtles were kept in a tank and their faces collected. Of these, 
19% excreted debris, 10 times the amount found through lavage. Seven turtles from the same 
population died and their stomach contents were analysed: 2 had ingested debris. Necropsy, 
therefore, is the most effective method of identifying debris ingestion by turtles; however, necropsy 
limits the study population to deceased animals.  
 
We analysed literature published since 1985 to compile a global assessment of the prevalence of 
marine debris ingestion by sea turtles. We focused on factors that might be useful in prioritising 
management actions by investigating whether ingestion prevalence changed over time, the types of 
debris most commonly ingested, the geographic distribution of debris ingestion by marine turtles 
relative to global debris distribution, and the species of turtle and life-history stages at which turtles 
are most likely to ingest debris. 
 
Methods 
We reviewed the literature on the gastrointestinal contents of sea turtles published after Balazs’ 
(1985) review. We searched ISI Web of Knowledge and the Aquatic Sciences and Fisheries  
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Abstracts for the terms feeding ecology, foraging ecology, or diet and plastic, debris, marine debris, 
litter, flotsam, detritus, or tar balls. In each string of terms we included sea turtle plus the genus 
and species names of all 7 species of sea turtles. Because analysis of gastrointestinal contents is the 
most accurate way to determine the presence or absence of marine debris, we used only studies in 
Reference Study dates Country or  region 
Number of 
turtles in 
study 
Species 
Turtles with 
ingested 
debris (%) 
 
Bjorndal et al. (1994) 
 
1988-1993 
 
USA 
 
51 
 
multiple 
 
49 
Boyle & Limpus (2008)  2002-2006 Australia 54 green, loggerhead 65 
Bugoni (2001) 1997-1998 Brazil 50 multiple 50 
Burke et al. (1994) 1985-1989 USA 18 Kemp's ridley 0 
Cannon (1998) 1994 USA 158 multiple 11 
Casale et al. (2008) 2001-2005 central Mediterranean 33 loggerhead 52 
Duguy (1997) 1978-1995 France 141 multiple 17 
Duguy et al. (2000) 1979-1999 France 87 leatherback 55 
Duronslet (1991) 1987-1989 USA 32 multiple 59 
Foley et al. (2007) 2000-2001 USA 44 green 2 
Frick et al. (2009) 1986-2001 Azores 12 loggerhead 25 
Garnett et al. (1985) 1979 Australia 44 green 0 
Guebert-Bartholo et al. 
(2011) 2004-2007 Brazil 76 green 70 
Hasbun et al. (2000) 1997 UAE 13 green 0 
Kaska et al. (2004) 2001 Turkey 65 loggerhead 5 
Lazar and Gracan (2011) 2001-2004 Eastern Adriatic 54 loggerhead 35 
Limpus et al. (2001) 1989-1998 Australia 47 loggerhead 0 
Lopez-Mendilaharsu et al.  
(2005) 2000-2002 USA 24 green 0 
Mrosovsky et al. (2009) 1885-2007 Global 408 leatherback 34 
Parker et al. (2005) 1990-1992 northern  Pacific 52 loggerhead 35 
Parker et al. (2011) 1990-2004 USA 10 Green 70 
Peckham (2011) 2003-2007 USA 82 loggerhead 0 
Plotkin and Amos (1990) 1986-1988 Texas 23 green, hawksbill 61 
Plotkin et al. (1993) 1986-1988 Texas 82 loggerhead 51 
Quinones et al. (2010) 1987 Peru 192 green 42 
Revelles et al. (2007) 2002-2004 Mediterranean 19 loggerhead 37 
Ross (1985) 1977-1979 Oman 9 green 0 
Russo  et al. (2003) 1994-1998 Mediterranean 45 green, loggerhead 18 
Sadove and Morreale 
(1989) 1979-1988 USA 116 multiple 12 
Santos  et al. (2011) 2007-2008 Brazil 15 green 20 
Schuyler et al. (2012) 2006-2011 Australia 115 multiple 33 
Seminoff et al. (2002) 1995-1999 Mexico 7 green 29 
Seney and Musick (2007) 1983-2002 USA 166 loggerhead 0 
Shaver (1991) 1983-1989 USA 101 Kemp's ridley 29 
Shaver (1998) 1984 USA 37 Kemp's ridley 19 
Tomas et al. (2002) N/A Spain 54 loggerhead 80 
Tourinho et al. (2010) 2006-2007 Brazil 34 green 100 
Table 2.1 Articles published since 1985 that report on studies in which a systematic survey of 
turtles was conducted (n > 7 animals) and necropsies were performed to determine contents of 
the gastrointestinal system.  
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which a systematic necropsy of at least 7 individuals was conducted. Most of the articles we 
included in our study were  peer-reviewed publications, but we also included 3 conference 
proceedings (Sadove & Morreale 1989; Plotkin & Amos 1990; Duguy et al. 2000) and 3 
government reports (Duronslet et al. 1991; Cannon 1998; Shaver 1998). For papers that did not 
explicitly report debris ingestion, we asked authors whether debris had not been found or whether it 
was not reported. When we were unable to contact an author, we assumed debris was not found.  
When studies reported on the same set of turtles (Plotkin & Amos 1990; Plotkin et al. 1993; Duguy 
1997; Duguy et al. 2000; Mrosovsky et al. 2009), we counted each turtle only once in our analyses.  
 
Each study varied in length and no study specified how many turtles were analysed each year or the 
proportion that ingested plastic in each year, so we used a Monte Carlo simulation to determine 
whether the likelihood of marine debris ingestion by turtles changed over time (sensu Efron & 
Tibshirani 1994). We randomly assigned turtles with and without debris from each study to years, 
drawn with replacement, for the duration of each study.  We then fit a logistic regression to the full 
simulated data set across all studies. We repeated this process to generate 100 logistic regressions 
fit to independently simulated data and calculated the median slope, intercept, and p value from all 
regressions. To determine whether there were differences among species, we ran the same analyses 
individually for each species. Although we analysed only papers published after Balazs’ 1985 
review, one paper reported on a compilation of studies of leatherback turtles since 1895 (Mrosovsky 
et al. 2009). Because we did not conduct an exhaustive literature search for other studies in this time 
frame, we conducted a second analysis for leatherbacks excluding the Mrosovsky data. 
 
We calculated the total number of studies reporting ingestion of multiple types of debris. We 
mapped the percentage of turtles found to have ingested debris at each study site overlaid on a 
global map of marine debris accumulation, as modelled by Lebreton et al. (2012). Due to a lack of 
standardised reporting in studies, we were unable to investigate quantitatively the effects of debris 
ingestion on different life-history stages; however, we considered these effects in qualitative terms. 
To determine which species were most likely to ingest debris, we aggregated reports from all 
studies for each species and used logistic regression to determine the species’ effect on the 
probability of ingesting debris.   
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Figure 2.1 Change in probability of ingestion of debris over time for different species of 
sea turtles (black dots, presence [1.0] or absence [0.0] of debris in turtles from one 
iteration of a Monte Carlo function; grey lines, inverse logit calculation of the 
probability of a turtle ingesting debris on the basis of the median slope and intercept for 
100 iterations of the Monte Carlo function; p values, median values for 100 iterations of 
the Monte Carlo function). For the leatherback turtle graph, data are for all leatherback 
turtles, and for the leatherback post 1985 graph, data from Mrosovsky et al (2009) are 
excluded.  
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Results 
Thirty-seven studies met our criteria (Table 2.1). Over 116 years (1895-2012), the probability of 
debris ingestion increased significantly for green and leatherback turtles (median p < 0.001) and 
increased nonsignficantly for loggerhead turtles (median p = 0.053) (Fig. 2.1). The probability of 
leatherback turtles ingesting debris did not change significantly between1985-2012. The probability 
of Kemp’s ridley turtles ingesting debris also did not change over time. The probability of debris 
ingestion for hawksbill turtles decreased from 1985 and 2012. 
 
Of 31 studies providing details of ingested debris, 96.8% (n = 30), reported that sea turtles ingested 
some form of plastic. Some studies differentiated between soft (n = 19) and hard plastic (n = 12). 
Rope, fishing line, Styrofoam, tar, and fishhooks were other commonly ingested items (Fig. 2.2). 
About half the studies that reported debris ingestion (n = 16) did not report whether ingestion was 
the primary cause of death. In 15 studies researchers determined whether debris ingestion resulted 
in mortality. Of these studies, 11 reported debris was responsible for 2-17% of total turtle mortality; 
5-35% of the turtles that ingested plastic were reported as being killed by it. Four studies, 
investigating between 12-37 animals each, reported that debris ingestion killed no turtles. There was 
no discernible geographic pattern of debris ingestion as compared to global models of debris 
distribution (Fig. 2.3). In all regions studied, aside from the Persian Gulf, turtles ingested debris. 
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Hawksbill turtles were most likely to ingest debris, followed by green and leatherback turtles (Fig. 
2.4). The carnivorous species (loggerhead and Kemp’s ridley) were least likely to ingest debris. 
Aside from the hawksbill, which did not differ significantly from either green or loggerhead turtles, 
all species differed significantly from one another in probability of ingesting debris (logistic 
regression, p < 0.0148 for all factor levels). Ingestion of debris by a flatback turtle was reported 
only once, so we excluded it from our analyses. 
 
Discussion 
Debris ingestion over time and debris types  
The majority of debris consumed by all turtles was composed of plastic (Fig. 2.2). Even in 1985 
when plastic production levels were still relatively low, plastic was the most widely reported debris 
item ingested (Balazs 1985).  
 
The likelihood of a green turtle ingesting debris nearly doubled from an approximate 30% 
likelihood in 1985 to nearly 50% in 2012 (Fig. 2.1). Leatherbacks showed a significant increase in 
debris ingestion when historical data were included in the analyses, but the increase levelled off 
after 1985. Data from 1985-2012 do not show a significant increase in the probability of debris 
ingestion. This result is consistent with that of Mrosovsky (2009), who also found that debris 
ingestion by leatherback turtles levelled off in the 1980s. The results with leatherback turtles 
suggest the environment has reached a saturation point, at least with respect to debris distribution. 
When running oceanic debris models similar to Lebreton’s, C.W. (unpublished data) noted that 
 
 
Figure 2.4 Percentage of the total 
number of each species of turtle 
across all studies that were 
reported to have ingested debris. 
Different letters above bars 
indicate significant differences 
between species (p < 0.05) (n, 
number of individuals of each 
species necropsied). 
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after releasing hypothetical debris particles for about 10 years, debris distribution stabilised (i.e., 
debris continued to enter the system, but it ended up in the same areas). This possible saturation 
might also explain the results we found for Kemps’ ridley turtles. The decrease in hawksbill turtle 
ingestion of debris we found may be due to small sample size. Only 2 studies reported on hawksbill 
gut contents, and these studies were conducted at the very beginning and very end of the literature-
review period (Plotkin & Amos 1990; Schuyler et al. 2012). 
 
It is possible that increasing awareness of debris ingestion may have affected necropsy methods. As 
more studies were published on debris ingestion, researchers may have become more meticulous in 
their necropsy techniques. However, because our analyses included feeding studies, in which gut 
contents are investigated carefully, and studies reporting null ingestion, it is reasonable to expect 
that observed increases were not due to differences in necropsy methods among studies. 
Additionally, our finding of increasing plastic ingestion is consistent with findings of other 
researchers for both turtles and seabirds (e.g.,Mrosovsky et al. 2009; van Franeker et al. 2011).  
 
Many of the turtles examined in the studies we reviewed did not ingest large quantities of debris. 
However, even small amounts of ingested debris can result in gut obstruction and mortality 
(Bjorndal et al. 1994). Although many studies did not report on mortality of turtles, for those that 
did, about 4% of the total number of turtles necropsied (n = 1106) were reportedly killed by plastic 
ingestion. Of those animals that ingested debris (n = 454) 42 (9%) were killed by it (range 0-35%). 
Although this number is relatively small, mortality is not the only risk associated with debris 
ingestion. Plasticisers, such as bisphenol-A (BPA) and phthalates, incorporated into plastics at 
production, can leach into the environment or into tissue (Oehlmann et al. 2009). One group of 
researchers hypothesises that plasticisers function as endocrine disruptors (Krishnan et al. 1993) and 
thus may have population-level effects on seabirds (van Franeker & SNS Fulmar Study Group 
2011). Floating plastics also readily absorb heavy metals and other toxins from the ocean and can 
release these into the tissues of animals upon ingestion (Teuten et al. 2009), although little is known 
about the impacts of metal or toxin release on marine species.  
 
Location of turtles and debris 
Debris ingestion by sea turtles occurs worldwide. Although not every study reported turtles with 
ingested debris, in every region of the world where gastrointestinal contents were examined, debris 
was detected. Similarly, Balazs (1985) reported debris ingestion by turtles at 19 locations 
worldwide, including all continents except Antarctica, where turtles do not occur.  
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No relation was observed between high proportions of debris ingestion at locations where stranded 
turtles were found and areas of high debris concentrations as determined from ocean-current 
modelling. We considered analysing the correlation between coastal human population density and 
debris ingestion by turtles at study sites, but decided this analysis would have little relevance due to 
the large-scale migratory paths and motility of turtles and the wide distribution of marine debris 
from its source. For instance, results of a study conducted in the New York Bight, adjacent to the 
New York City metropolitan area (1990 population 16.4 million inhabitants) (Bureau of the Census 
1990), showed only 12% of turtles ingested debris (Sadove & Morreale 1989). The results of a 
second study 5 years later in the same region showed no evidence of debris ingestion (Burke et al. 
1994). Conversely, Tourinho et al. (2010) studied turtles in a “relatively undeveloped” area of 
southern Brazil. Here, over 200 km from Porto Alegre (2010 metropolitan area population 4.4 
million) (IBGE 2010), 100% of turtles surveyed had ingested debris. Because most turtles migrate 
long distances during their post hatchling pelagic phase and during breeding migrations (Musick & 
Limpus 1997; Luschi et al. 2003), they are highly likely to encounter ocean-borne debris at some 
life stage, particularly when they passively drift in oceanic gyres, where debris accumulates. 
Because debris does not decompose as rapidly as food items and given that the physiology of turtles 
does not permit regurgitation or expulsion (Sheavly & Register 2007), turtles may encounter and 
ingest the debris far from where they strand.  
 
Life-history stage of turtles 
Anthropogenic debris accumulates in oceanic gyres far from shore (sensu Lebreton et al. 2012) 
(Fig. 2.3). Accordingly, one might expect oceanic-phase turtles to be more likely to ingest debris 
than coastal foragers. The 4 studies that reported on turtles sampled from oceanic waters found an 
average of 49.2% of turtles (n = 128) ingested debris (Parker et al. 2005; Boyle & Limpus 2008; 
Frick et al. 2010; Parker et al. 2011). Casale et al. (2008) investigated loggerhead turtles 
accidentally caught in oceanic waters on longlines and those accidentally caught in nearby benthic 
waters by trawl fishers. Of the oceanic turtles (n = 13), 64% had ingested debris, whereas 22% (n = 
9) of benthic turtles had ingested debris. Similarly, results of a comparison of 2 populations of 
similarly sized juvenile loggerhead turtles with different foraging strategies showed that 35% of 
animals that foraged in the open ocean had ingested debris (Parker et al. 2005), whereas none of the 
coastal benthic-feeding turtles ingested debris (Peckham et al. 2011). Other studies in which 
stranded turtles were analysed report that smaller oceanic turtles are more likely to ingest debris 
than larger turtles (Plotkin & Amos 1990; Schuyler et al. 2012). Balazs (1985) presented similar 
results: 69% of immature turtles ingested debris, whereas 31% of adult turtles ingested debris. This 
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means young oceanic turtles may be more at risk from debris ingestion than older benthic-feeding 
turtles. Not only are they more likely to ingest debris, but their relatively small, thinner digestive 
systems will be more vulnerable to impaction by and perforation from the debris (Schuyler et al. 
2012). 
 
Species 
All species studied ingested debris, but green and leatherback turtles were significantly more likely 
to ingest debris than were Kemp’s ridley or loggerhead turtles.  Hawksbills were the most likely to 
ingest debris, but the sample size was small (n = 32) and came from only 2 studies, so other factors 
such as geography or life stage may have skewed results (Plotkin & Amos 1990; Schuyler et al. 
2012). Our results differ from Balazs’ (1985), who reported that green turtles were most likely to 
ingest debris (32%), followed by loggerhead (26%), leatherback (24%), and hawksbill (19%) 
turtles. However, his data were reported only as the total number of cases for each species, not on 
the basis of the percentage of the total number of animals of that species that had ingested debris, 
given all animals sampled.  
 
Carnivorous species (e.g., loggerhead and Kemp’s ridley turtles) appear less susceptible to debris 
ingestion than herbivores (green), gelatinovores (leatherback), and omnivores (hawksbill), or 
perhaps they are less likely to retain the ingested debris. One possible explanation of the lower 
incidence of debris ingestion in carnivorous species is that noncarnivores may be more likely to 
ingest debris or be more likely to die from ingestion of debris than carnivorous turtles. This could 
be because they have a greater affinity for gelatinous organisms and eat soft plastic because of its 
similarity to their prey, because they are less selective and feed on a variety of items including 
plastics, or because they feed in areas that accumulate debris.  
 
The differences in debris ingestion by species may also be attributed to differences in the biology of 
the animals and how their digestive systems cope with debris once ingested. Adult and subadult 
loggerhead sea turtles have a larger-diameter digestive tract than green turtles of a similar age class; 
thus they may more readily pass ingested materials (Bugoni et al. 2001) or perhaps they have 
different enzymes or microflora that act differently on ingested debris (Bjorndal 1997).  
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Debris management 
The differences in how debris ingestion is investigated and reported make it challenging to develop 
relevant global analyses on which to base management recommendations. Standardised reporting 
methods on debris effects on wildlife, including debris type and size, species, and life-history stage 
of animals affected, would go a long way toward creating a globally consistent and comparable data 
set.  Furthermore, increased efforts to understand debris effects in under-researched areas where 
turtles occur in great numbers (especially Southeast Asia, western and northern Australia, South 
America, and Africa), and in mid-ocean pelagic turtles would be beneficial. 
 
Our results show clearly that debris ingestion by sea turtles is a global phenomenon of increasing 
magnitude. Our finding that oceanic-stage green and leatherback turtles are at higher risk than 
benthic-feeding carnivorous turtles means management actions to target these species and life 
stages should be considered. This is particularly important for leatherback turtles that spend the 
bulk of their lives in oceanic waters, and are listed as critically endangered (IUCN 2012). 
 
Ingestion prevalence at stranding locations was not related to predicted debris density, likely due to 
the long migrations of turtles. Thus, conducting coastal clean-ups will not solve the problem of 
debris accumulation in the pelagic environment, where animals are most commonly affected, 
although it is an important step in preventing marine debris input into the ocean. Anthropogenic 
debris is not only a problem for endangered turtles and other marine wildlife, but also affects human 
health and safety (e.g. discarded sharps and medical waste and ship encounters with large items). 
Debris also has aesthetic and economic consequences, and may result in decreased tourism 
(Ballance et al. 2000), reduced economic benefits from fisheries (Havens et al. 2008), and damage 
to vessels (Jones 1995). Furthermore, debris destroys habitats and aids in the transport of invasive 
species (Sheavly & Register 2007). It is therefore a high priority to address this global problem.  An 
estimated 80% of debris comes from land-based sources, hence it is critical to implement effective 
waste management strategies and to create and maintain a global survey and comprehensive 
database of marine debris ingestion and entanglement. Additionally, it is worth engaging with 
industry to create and implement appropriate innovations and controls to assist in decreasing marine 
debris.  
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Chapter 3  
 
To eat or not to eat? Debris selectivity by marine turtles 
Published in PLoS One July 2012 
 
Abstract 
Marine debris is a growing problem for wildlife, and has been documented to affect more than 267 
species worldwide. We investigated the prevalence of marine debris ingestion in 115 sea turtles 
stranded in Queensland between 2006-2011, and assessed how the ingestion rates differ between 
species (Eretmochelys imbricata vs. Chelonia mydas) and by turtle size class (smaller oceanic 
feeders vs. larger benthic feeders). Concurrently, we conducted 25 beach surveys to estimate the 
composition of the debris present in the marine environment. Based on this proxy measurement of 
debris availability, we modelled turtles’ debris preferences (colour and type) using a resource 
selection function, a method traditionally used for habitat and food selection. We found no 
significant difference in the overall probability of ingesting debris between the two species studied, 
both of which have similar life histories. Curved carapace length, however, was inversely correlated 
with the probability of ingesting debris; 54.5% of pelagic sized turtles had ingested debris, whereas 
only 25% of benthic feeding turtles were found with debris in their gastrointestinal system.  Benthic 
and pelagic sized turtles also exhibit different selectivity ratios for debris ingestion. Benthic phase 
turtles had a strong selectivity for soft, clear plastic, lending support to the hypothesis that sea 
turtles ingest debris because it resembles natural prey items such as jellyfish. Pelagic turtles are 
much less selective in their feeding, though they show a trend towards selectivity for rubber items 
such as balloons. Most ingested items were plastic and were positively buoyant. This study 
highlights the need to address increasing amounts of plastic in the marine environment, and 
provides evidence for the disproportionate ingestion of balloons by marine turtles. 
 
Introduction 
Marine debris and sea turtles 
Marine debris has become a significant global issue in recent years. Over the past five decades, 
global plastic production has increased exponentially (Kershaw et al. 2011). Concurrently, plastic 
has rapidly become the dominant component of marine debris, representing as much as 80% in 
areas (Derraik 2002; Barnes et al. 2009). Despite increasing awareness of the prevalence of plastic 
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debris, there is little data on the total amount of debris in the marine environment, or how that 
quantity may have changed through time (Ryan & Moloney 1993; Barnes & Milner 2005). The 
impacts of this debris, however, have been widely documented, with at least 267 marine species 
known to be affected by anthropogenic debris (Laist 1997). Debris can cause a number of different 
problems for wildlife, but all fall under two main categories: impacts from entanglement and from 
ingestion. Entanglement can kill wildlife by drowning or inhibiting the ability to escape predation 
or feed normally, while the implications of debris ingestion include death through perforation or 
impaction of the digestive system (Wallace 1985). Additional sublethal impacts include dietary 
dilution (McCauley & Bjorndal 1999) and exposure to chemicals leaching from plastic (Meeker et 
al. 2009). All six species of sea turtle listed on the IUCN Red list (IUCN (International Union for 
Conservation of Nature) 2012) have been documented to ingest debris (Laist 1997). 
 
Globally, estimates of debris ingestion rates in turtles vary dramatically with geographical region, 
species, and year.  Recent work from South American populations of marine turtles found that up to 
100% of stranded turtles contained marine debris in their gastrointestinal systems (Tourinho et al. 
2010). The problem affects turtles of all life stages, from post-hatchlings through adults (Bjorndal et 
al. 1994; Duguy 1997; Witherington 2002). It is unknown why sea turtles ingest plastic: one 
hypothesis is that plastic bags resemble a typical prey item, jellyfish (Mrosovsky 1981). Although 
this may be the case for turtles that ingest plastic bags, it does not explain the ingestion of other 
forms of plastic, Styrofoam, rubber, ropes, and the myriad of other items that have been found in 
turtles (e.g.Plotkin & Amos 1990; Shaver 1991; Plotkin et al. 1993; Tomas et al. 2002; Parker et al. 
2005; Boyle & Limpus 2008). Although sea turtles can and do utilise olfaction to orient to prey, 
they are primarily visual feeders (Constantino & Salmon 2003). The presence of at least three 
different cone photopigments in sea turtle retinas, as well as electrophysiological measurements and 
behavioural studies, indicate their ability to discriminate colour (Granda 1979; Bartol & Musick 
2003). This colour vision may play a role in feeding choices, as has been demonstrated in 
laboratory trials (Fehring 1972; Vorobyev et al. 2001; Swimmer et al. 2005; Swimmer & Brill 
2006). If this is the case, monitoring the colour of debris ingested by turtles may offer insights to 
the reasons why turtles eat debris, and may also lead to conservation and management 
recommendations. Colour preference (or avoidance) has already been investigated as a possible 
method for decreasing sea turtles’ interactions with the bait used in longline fisheries. 
Unfortunately, although turtles exhibit a preference for natural bait over blue dyed bait in a 
laboratory situation, dyed bait does not appear to reduce long line interactions in field trials 
(Swimmer et al. 2005).  
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Hawksbill turtle and green turtle life history 
Both Chelonia mydas (green turtles) and Eretmochelys imbricata (hawksbill turtles) begin their 
developmental phase in the open ocean before recruiting back as latter stage juveniles to the coastal 
environment, where they spend the rest of their lives (Bolten 2003). Before recruitment, the post-
hatchling turtles and early stage juveniles live and feed primarily at the ocean’s surface, 
occasionally diving to shallow depths (Frick et al. 2010). They are thought to drift with the currents, 
aggregating in downwelling lines along with other floating biological material and debris 
(Witherington 2002). During this phase they feed on plankton, comprising primarily molluscs, 
crustaceans, and gelatinous organisms (Boyle & Limpus 2008). Living in downwelling zones may 
provide the young turtles with increased shelter and food opportunities, but also exposes them to 
concentrated areas of floating debris.  
 
The turtles’ feeding behaviour changes dramatically once they recruit to the nearshore environment. 
The size of first recruitment varies between species and geographic region, but on the east coast of 
Australia, green turtles recruit at approximately 40 cm curved carapace length (CCL) (Limpus 
2009), and hawksbill turtles at >35 cm CCL (Limpus 1992). These coastal turtles feed primarily on 
benthic resources such as seagrass, crustaceans, sponges, and algae, although even primarily 
herbivorous green turtles will opportunistically feed on jellyfish when available (Carr 1987; Arthur 
et al. 2007). Green turtles are known to be selective in their feeding, choosing particular species of 
seagrass over others, and even tending “grazing plots” to gather new shoots that are easier to digest 
and have higher nutritional value (Bjorndal 1980). Hawksbill turtles also feed selectively, 
preferentially ingesting certain items even when they are less readily available in the environment 
(León & Bjorndal 2002). 
 
With this diversity in feeding habitat and style between pelagic and benthic stage turtles, we predict 
that exposure to marine debris would differ between the two groups. These differences could be 
exacerbated by the variability in types, colours, and quantities of debris present in benthic and 
oceanic environments (Kershaw et al. 2011). It is likely that pelagic stage turtles, which drift in 
current lines along with other floating debris, would be at greater risk of marine debris ingestion 
than the larger benthic animals (Carr 1987; Witherington 2002). Because of their different diets and 
feeding styles, pelagic and benthic turtles may vary not only in the amounts of debris they ingest, 
but also in the type. Analysing the type and colour of debris gives us metrics to compare the 
variability in debris selection between turtles at different life stages. 
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Our aims were to 1) investigate whether the incidence of debris ingestion varies between turtle 
species and between life history stages, 2) determine whether turtles preferentially ingest particular 
types and colours of debris by comparing the ingested debris to what is available in the 
environment, and 3) analyse whether selectivity varies between life history stages and between 
species. 
 
Materials and Methods 
From 2005-2011, 115 turtles were obtained in southeast Queensland from two sources: dead 
stranded sea turtles from North Stradbroke Island (n = 64), and sea turtles that did not survive 
treatment at the marine wildlife rehabilitation facility at Underwater World, in Mooloolaba (n = 51). 
Eighty-eight were green sea turtles (C. mydas), 24 were hawksbill turtles (E. imbricata), 2 were 
loggerhead turtles (C. caretta) and one was a flatback turtle (N. depressus). The turtles ranged from 
5.4-105.8 cm CCL, with a median size of 43.4 cm. Because of the small sample size of loggerhead 
and flatback turtles, all investigations of inter-species differences were restricted to green and 
hawksbill turtles.  
 
Necropsies were performed on all animals using standard techniques (Wyneken 2001). Contents of 
the gastrointestinal system were sieved to retrieve any foreign matter. Debris found in the turtles 
was washed and stored for analysis. Each piece of debris was weighed (to within 0.01 g) and 
categorised into one of six main categories and additional subcategories, based on a classification 
system combining both composition and morphology. The categories were: hard plastic, soft 
plastic, foam, rope/string, rubber, and miscellaneous (includes glass, metal, paper, cloth). Hard and 
soft plastic objects were further categorised by colour. Positive or negative buoyancy in seawater 
was also measured for each item. For six of the turtles, debris samples were not retained; so detailed 
categorical information is not available. The majority of rope and string items (>85%) were 
composed of plastic material, but were categorised separately due to their morphology. 
We calculated the frequency of ingestion of each category of debris using the equation:  
 
 
where Ni is the number of turtles having ingested a particular type of debris, i, and N is the total 
number of turtles for which detailed debris information is available (Windell & Bowen 1978). We 
also determined the relative per cent abundance of debris types ingested by each turtle by 
calculating the percentage  
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where Nd is the number of items of each type of debris, and Nt is the total number of items of debris 
found in the turtle. Turtles were divided into two groups; pelagic sized feeders and benthic sized 
animals. We categorised pelagic feeders as those animals smaller than 35.0 cm, and benthic feeders 
as those  >35 cm CCL.  
 
 
To estimate availability of anthropogenic debris, we conducted beach surveys between 2009-2011 
on four beaches on N. Stradbroke Island and four beaches on the Sunshine coast, in the region 
where the Underwater World turtles stranded. We collected all observed pieces of debris over 5 mm 
found in a 100 m long strip transect running parallel to the water line on each beach.  The strip 
transect width varied depending on tide and the beach in question, but encompassed the distance 
from the waterline to the dominant landward vegetation line. Beach debris was assigned to the same 
categories as debris found in turtles. We calculated the relative abundance of each type and colour 
of plastic debris found in the environment using equations parallel to those above. For simplicity of 
analysis, and because no individual colour represented more than 10% of the sample, we combined 
our colour and debris types to create 10 categories in order to measure selectivity indices for the 
turtles. These types were: hard white plastic, hard coloured plastic, hard clear plastic, soft white 
plastic, soft coloured plastic, soft clear plastic, rope/string, rubber, foam, and miscellaneous.  
 
 Total number of turtles  
Number of turtles 
having ingested 
debris (% of total) 
Range of CCL (cm) Mean CCL (+/- s.e.) 
All turtles 115 39 (33.9%) 5.4-105.8 39.08 ± 19.35 
Pelagic 22 12 (54.5%) 5.4-34.9 20.44 ± 11.61 
Benthic 93 27 (29.0%) 35.31-44.7 47.37 ± 16.08 
 Number of items 
ingested per turtle (avg 
± s.e.) 
Weight of items ingested 
(avg ± s.e.) 
% of positively 
buoyant items 
ingested (avg ± 
s.e.) 
Turtles (n = 33) 1-329 (31.7 ± 10.18) n.d.-10.41g (1.58 ± 0.50) 81.59 ± 7.09 
Pelagic (n = 11) 1-69 (22.5 ± 6.78) 0.03-2.16 g (0.86  ± 0.33) 80.51 ± 13.91 
Benthic (n = 22) 1-329  (38.8 ± 15.01) n.d.-10.41 g (1.89 ± 0.70) 81.99 ± 8.47 
Table 3.1 Debris ingestion frequency for green and hawksbill pelagic and benthic stage turtles, 
and characteristics of these turtles 
Table 3.2 Number of turtles ingesting each type of debris, and proportions of total for different 
debris categories  (out of n = 33 turtles for which detailed debris categories are available) 
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We used a binomial regression to predict the probability of ingestion based on the descriptive 
variables CCL and species (C. mydas and E. imbricata), and a chi square analysis to determine 
differences between ingestion probabilities for life history stages. For the turtles that had ingested 
debris, we tested the relationship between CCL and debris load (both total weight and also number 
of pieces of debris ingested) using a generalised linear model (GLM, Gaussian model). Finally, we 
calculated Manly’s selectivity ratio for each debris category ingested for both life history stages.  
This technique has been widely used to estimate resource selection functions for habitat or diet (e.g. 
Heisey 1985). The index takes into account the availability of each type of resource in the 
environment. A value greater than 1 indicates a positive selectivity for that category, while a value 
less than one suggests that turtles avoid ingesting that type of debris compared to what is available 
in the environment. All analyses were performed using R version 2.14, package nnet and adehabitat  
(Venables & Ripley 2002; Calenge 2006; R Core Team 2013).  
 
 
Table 3.3 Characteristics of debris items found within turtles that had ingested debris, for which 
detailed debris information is available (n = 33) 
 
 
Results 
 
Debris Ingestion 
Of the 115 necropsied animals, 22 were oceanic-size turtles, and 93 were from benthic habitats 
(Table 3.1). A total of 33.9% (n = 39) of the turtles were found to have ingested debris. Ingestion 
frequencies differed significantly between oceanic (n = 12, 54.5%) and benthic-sized turtles (n =  
Type of debris Number of turtles (and % of total) with ingested debris  
Percentage of total amount of 
debris ingested by all turtles (n 
= 1057)  
Hard plastic 19 (57.6%) 33.11 
Soft plastic 24 (72.7%) 34.25 
Plastic rope/string/twine 14 (42.4%) 13.06 
Non plastic rope 1 (3.0%) 1.80 
Packing straps 1 (3.0%) 3.12 
Fishing items 15 (45.5%) 4.73 
Balloons 10 (30.3%) 3.20 
Other rubber 5 (15.2%) 0.9 
Foam 4 (12.1%) 3.50 
Other 10 (30.3%) 2.33 
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27, 29.0%), despite our uneven sample sizes (chi-square 4.09, df = 1, p = 0.043). There was a 
significant negative correlation between CCL and probability of debris ingestion (p = 0.0338), but 
no correlation with the weight of debris ingested (p = 0.942), or total number of pieces of debris 
ingested (p = 0.215). Nor was there a significant effect of species on the probability of ingesting 
debris (p = 0.445), or a species by size interaction (p = 0.430). Because we do not have detailed 
debris information for six of the turtles, calculations on the weight and total number of debris items 
were carried out only on n = 33 turtles. 
 
A total of 1057 pieces of debris were ingested by 33 turtles. The number of pieces ingested by each 
individual turtle ranged from 1-329 with an average of 31.7±10.18 (s.e.) pieces per turtle. The total 
weight of all items found within each turtle ranged from non-detectable (<0.01 g) to 10.41 g. The 
average proportion of positively buoyant items ingested by the turtles was approximately 80% and 
did not vary significantly between the two life stages (Table 3.2). Hard plastic comprised 33.11% of 
the total number of debris items ingested, 34.25% was soft plastic, and plastic rope followed at  
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Figure 3.1 Debris types found in turtles and on beaches. Types of debris found during beach 
surveys, and in the gastrointestinal system of stranded sea turtles. Reported as an average of 
the percentage of each category found within each animal (benthic n = 22, pelagic n = 11), 
and during each beach survey (n = 25). Error bars indicate standard error 
 
  36 
13.06% (Table 3.3). Including fishing line and packing straps, the total amount of plastic debris 
ingested by turtles made up nearly 90% of all debris items. When data were analysed by life history 
stages, oceanic sized turtles ingested significantly more hard plastic and rubber than benthic turtles, 
while benthic turtles ingested more foam and rope than pelagic turtles (Fig. 3.1). Colours varied 
between the two classes, but not significantly. The colour of plastic debris found in both pelagic and 
benthic turtles was primarily clear or translucent, followed by white (Fig. 3.2). Black debris 
comprised mainly black plastic bags, while green and blue were mostly plastic rope and string. 
Other colours (red, orange, yellow, and brown) were found in very small quantities.    
Environment and selectivity 
The majority of the debris found during all beach surveys was hard plastic, with only one other 
category (miscellaneous) at over 15% (Fig. 3.1). White debris made up over 30% of collected items, 
followed by blue and clear/translucent (Fig. 3.2). Using beach debris as a measure of environmental 
availability, Manly’s selectivity ratio highlighted the selectivity differences between turtles from 
different life stages.  Benthic sized turtles showed strong selectivity for soft plastics in general,  
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Figure 3.2 Debris colours found in turtles and on beaches. Colours of debris found during 
beach surveys, and in the gastrointestinal system of stranded sea turtles. Reported as an 
average of the percentage of each category found within each animal (benthic n = 22, pelagic 
n = 11), and during each beach survey (n = 25). Error bars indicate standard error. 
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particularly for clear soft plastics, and for rope. They appeared to avoid hard white and coloured 
debris (Fig. 3.3). Pelagic turtles had the highest selection ratios for rubber, rope, and hard plastic, 
but these did not differ significantly from the environment (Fig. 3.4).   
 
Figure 3.3 Manly selectivity measure for benthic turtles. Selectivity index for various types of 
debris ingested by neritic-feeding turtles. Where index is larger than one, selectivity for that item is 
greater than its availability in the environment. Error bars indicate 95% confidence interval.   
 
Discussion 
Marine debris or more specifically, plastic ingestion by sea turtles is a global phenomenon, 
affecting populations worldwide. The vast majority (nearly 90%) of all ingested items in this study 
were plastic in origin, a finding common to most other studies reporting debris ingestion in turtles 
(e.g. Duguy et al. 2000; Bugoni et al. 2001; Tomas et al. 2002; Lazar & Gracan 2011). This reflects 
the significant contribution of plastic to the global marine debris problem (Barnes & Milner 2005). 
 
This study discovered no significant differences in debris ingestion between the species 
investigated; C. mydas and E. imbricata. This is perhaps due to the fact that the two species exhibit 
similar feeding behaviour, with smaller turtles feeding pelagically, and larger turtles shifting to 
benthic feeding (Bjorndal 1997). Although species had little effect on debris ingestion rates, size 
did. The probability of debris ingestion was inversely correlated with size (CCL), and when broken 
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down into size classes, smaller pelagic turtles were significantly more likely to ingest debris than 
larger benthic feeding turtles. These results are in line with research conducted by Balazs (1985) 
and Plotkin and Amos (1990), though other studies found no significant relationship between size 
or life history stage and debris ingestion. Most of these studies investigated the relationship between 
turtle size (CCL) and weight, number, or size of the pieces of debris ingested, but did not analyse 
the probability of debris ingestion (Bugoni et al. 2001; Tomas et al. 2002; Lazar & Gracan 2011), 
nor did they investigate differences between life history stages (Bugoni et al. 2001; Tomas et al. 
2002). Bjorndal’s (1994) analysis of ingestion probability and size class of green turtles suggested 
that a higher percentage of turtles <30 cm had ingested debris in comparison to their larger 
counterparts, however this difference was not significant. Size class or life history stage appears to 
be an important factor in determining the probability of debris ingestion, but the number of pieces, 
total weight, or volume of ingested debris rarely correlates with size class or life history stage, as 
highlighted by this and other studies.  
 
Figure 3.4 Manly selectivity measure for pelagic turtles.  Selectivity index for various types of 
debris ingested by pelagic-feeding turtles. Where index is larger than one, selectivity for that item 
is greater than its availability in the environment. Error bars indicate 95% confidence interval 
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Turtles in this study from different life history stages varied not only in their likelihood of ingesting 
debris, but also in the types of debris ingested. Pelagic turtles ingested significantly more rubber 
and hard plastic than did benthic feeding turtles, who primarily ingested soft plastic (Fig. 3.1). 
While there was not a significant difference in the colours ingested between the two groups, they 
did differ from what was available in the environment, ingesting clear debris in greater proportions, 
and blue at lower proportions (Fig. 3.2). Manly’s selectivity ratio, and its significance level, also 
varied with life history stage. Neritic turtles actively selected white and clear soft plastics, while 
avoiding hard white and coloured plastics (Fig. 3.3). They also showed selectivity for rope and 
string, but this could be an artefact of the way the samples were tallied. Counts of the total number 
of items were used to quantify the amount of debris in each category. Multi-stranded rope and string 
may more readily unravel into smaller (and therefore, more numerous) pieces within the 
gastrointestinal system than other types of debris, which could be reflected in our results.  
 
 
Pelagic turtles were much less selective than their neritic counterparts, with most of their selectivity 
indices not found to be significantly different to environmental levels (Fig. 3.4). Only foam (with 
zero pieces ingested) and hard coloured debris fell significantly below 1, indicating avoidance of 
these categories. Interestingly, the single highest preference in the pelagic turtles was for rubber. 
Although the preference was not statistically significant, this may be due in part to the smaller 
sample size of the pelagic turtles. Of the 41 pieces of rubber found inside all turtles, 32 pieces 
(78%) were fragments of balloons. When helium balloons are released into the environment, they 
rise to a height of approximately 8 kilometres before undergoing a process known as “brittle 
fracture”, where the balloon fragments into long strands (Burchette 1989). The resulting debris 
bears a strong resemblance to jellyfish or squid (Fig. 3.5). Indeed, the brittle fracturing of balloons 
creates tentacle-like structures typical of Scyphomedusae, which all species of sea turtles have been 
documented to eat (Pritchard & Márquez 1973; Bjorndal 1997; Houghton et al. 2006; Mrosovsky et 
al. 2009). This may be the cause for the high ingestion selectivity seen in both pelagic and neritic 
turtles.  
   
Several studies have reported ingestion of balloons by sea turtles (Plotkin & Amos 1990; Cannon 
1998; Stamper et al. 2009; Tourinho et al. 2010), and anecdotal evidence exists for ingestion of 
balloons by whales and dolphins (Keep Wales Tidy 2012). Worldwide clean-ups sponsored by the 
Ocean Conservancy over the past 25 years have found over 1.2 million balloons, or about 0.7% of 
all debris items collected (Fox 2011). This is in line with our study, which found a total of 0.9% of 
rubber items on the beach. Although balloons and other rubber items make up only a small fraction 
of the total amount of debris collected, the current data indicating that turtles may selectively ingest 
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balloons and other rubber could provide guidance for policy makers addressing mass balloon 
releases.  
 
The differences in debris preference and selectivity may be a result of feeding styles; young pelagic 
turtles live an epipelagic lifestyle, floating at the surface and feeding within the top five meters 
(Frick et al. 2010). As they drift with the currents, encountering pelagic gyres and downwelling 
zones where debris accumulates, they may be susceptible to accidental or purposeful ingestion of 
debris along with their natural food sources. The presence of encrusting organisms further blurs the 
line between food and debris. Post hatchlings are thought to be relatively non-selective feeders 
(Boyle 2006), a finding supported by this research. Conversely, benthic-feeding green turtles and 
hawksbill turtles are thought to be more selective about their diet (Bjorndal 1980; León & Bjorndal 
2002). They also may be less likely to come into contact with plastic marine debris, much of which 
is positively buoyant (Ryan et al. 2009; Lobelle & Cunliffe 2010).  However, they also eat 
gelatinous organisms, which are usually soft and transparent, much like the debris that they most 
commonly ingest. Our findings lend further support to the hypothesis that turtles mistakenly eat 
plastic because of its similarity to jellyfish (Mrosovsky 1981). Other factors may also contribute to 
the differences in ingestion rates; for example as turtles grow, the internal diameter of their 
digestive tract becomes larger, making it easier for plastics to pass through, and not accumulate. 
Pelagic turtles, therefore, may experience a higher risk of mortality from debris ingestion, not only 
because they are more likely to ingest debris, but also because they are smaller in this life history 
stage than they are in the benthic stage and their digestive tract is correspondingly smaller. Hence, 
this may result in an increased possibility of impaction or perforation of the gastrointestinal tract. 
 
There are limitations to using beach surveys as a proxy for the debris that sea turtles encounter.  
Differences in buoyancy, degradability, and other characteristics may result in certain types of 
marine debris more frequently stranding on or being retained on beaches. Conversely, some land-
based materials disposed on beaches may not ultimately end up in the marine environment, and thus 
available to turtles. However, despite these constraints, beach debris has widely been used as an 
indicator of marine debris, for several key reasons (e.g. Dixon & Dixon 1981; Sheavly 2007). First, 
it is much less resource intensive to monitor beach debris, and collected debris can be characterised 
comprehensively, unlike with visual at-sea sampling. Second, because debris accumulates on 
beaches, statistically robust sample sizes can be gathered, while in-water sampling can lead to a 
paucity of data and the need to extrapolate from small sample sizes (Dixon & Dixon 1981). Finally, 
items on the beach are in dynamic flux with the nearshore marine environment, and can easily 
become resuspended (Cheshire et al. 2009), so while not ideal, beach debris measurements provide 
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a reasonable proxy for environmental availability. However, it is recommended that more in-water 
sampling of marine debris be carried out to provide quantitative estimates of marine debris and 
types of marine debris, especially in areas where turtles are likely to occur. 
 
Research in Australia and elsewhere has shown an inverse correlation between the amount of beach 
debris and the distance from major population centres (Barnes et al. 2009; Hardesty & Wilcox 
2011), suggesting that neritic turtles in SE Queensland, near Australia’s 3rd largest city, Brisbane 
(population >2 million), might come into contact with different amounts of debris than would open 
ocean turtles. Despite this, pelagic turtles in this study are more likely to ingest debris than are the 
benthic turtles. This leads us to speculate as to whether pelagic turtles encounter increased amounts 
of debris in oceanic gyres and in wind rows (Law et al. 2010), whether they are less selective due to 
the decreased food availability in the open ocean, or whether their feeding ecology simply places 
them at higher risk for debris ingestion.   
 
Conclusions 
This study found that pelagic and neritic turtles exhibit significant differences in their likelihood of 
ingesting debris, as well as in their selectivity of debris types. These differences are likely related to 
their life style and feeding habits, but may also be linked to differing debris availability in the 
habitats that they frequent. In order to assess population scale impacts from debris ingestion, a 
greater understanding of the distribution of debris, as well as the long and short-term impacts of 
ingested debris is required. Further research and modelling of debris in both the nearshore and 
oceanic environment, in addition to research on the lethal and sublethal impacts of various types of 
debris loading will provide more accurate and precise estimates of what is available to marine 
wildlife, the likelihood of encounter rate, and ultimately the risks associated with anthropogenic 
marine debris ingestion.  
 
It is also important to continue conducting necropsies and to create standardised reporting 
mechanisms, as the per cent and types of debris ingested may be used as an indicator of the impacts 
of marine debris to wildlife, and only with long-term consistent data collection and recording can 
we begin to understand how this may change through time.  
 
Close to ninety per cent of the debris ingested by turtles in this study was plastic in origin. 
Observationally it would appear over half of the animals had a non-trivial debris load. As the global 
production and use of plastics continues to rise, it is likely that impacts to turtles will not abate. 
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Additionally, the observed trend towards selectivity for rubber items, particularly balloons, 
highlights the need for targeted pollution prevention plans. Appropriate waste disposal measures to 
reduce debris through local measures would help to decrease the amount of anthropogenic debris 
entering the ocean; an important first step in reducing encounter rates and impacts to marine 
wildlife from ingestion or entanglement.  
 
 
 
 
 
Figure 3.5  “Jellyfish” balloon. Beach-washed balloon found after 
brittle fracture. Note the resemblance to jellyfish, common prey 
items for turtles 
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Chapter 4  
 
Mistaken identity? Visual similarities of marine debris to natural prey 
items of sea turtles. 
Published in BMC Ecology May 2014 
 
Abstract 
There are two predominant hypotheses as to why sea turtles ingest plastic: 1) they are nonselective 
feeders, eating plastic when they encounter it, and 2) they selectively ingest plastic because it 
resembles prey items, particularly jellyfish, a food source common to all species of marine turtles. 
To assess which hypothesis is most likely, we created a model sea turtle visual system and used it to 
analyse debris samples from beach surveys and from necropsied turtles. We investigated colour, 
contrast, and luminance of the debris items as they would appear to the turtle. We also incorporated 
measures of texture and translucency to determine which of the two hypotheses is more plausible as 
a driver of selectivity in green sea turtles. Turtles preferred more flexible and translucent items to 
what was available in the environment, lending support to the jellyfish hypothesis. They also ate 
fewer blue items, suggesting that such items may be less conspicuous against the background of 
open water where they forage. 
 
Introduction 
Sea turtles, like many other marine taxa, are increasingly prone to marine debris ingestion and 
associated problems (Schuyler et al. 2014). Despite many studies recording instances of debris 
ingestion (e.g. Tomas et al. 2002; Tourinho et al. 2010), little is known about the cues that attract 
turtles to eat plastic debris. The predominant hypotheses are that 1) turtles, as opportunistic feeders, 
simply consume items in proportion to what they encounter in the environment, including plastics; 
and 2) that turtles feed on plastic because of its similarity to prey; particularly jellyfish (Carr 1986; 
Mrosovsky et al. 2009). Though the proportion of gelatinous prey in a turtle’s diet varies depending 
on the life stage and the species of the turtle, all species do target these prey at some stage of their 
lives (Shaver 1991; Bjorndal 1997).  
 
Turtles are primarily visual predators. Research indicates that loggerhead turtles have limited ability 
to find food based on chemical stimuli alone (Southwood et al. 2007), which may explain why they 
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are caught on longline fishing lines primarily during daylight hours, and not often at night (Baez et 
al. 2007). Similarly, when presented with both chemical and visual cues, leatherback turtles 
responded exclusively to visual cues (Constantino & Salmon 2003).  Therefore, the visual similarity 
between plastic bags and jellyfish can cause confusion even in the absence of chemical stimuli 
associated with food sources. Loggerhead sea turtles have been shown to approach plastic bags in a 
similar manner to gelatinous prey, indicating that they use visual characteristics to select their food 
(Narazaki et al. 2013). Because turtles have a different visual system from humans, we investigate 
the debris ingested by turtles from the perspective of how it appears to them, and compare this to 
the debris that they would encounter in the environment to assess which visual cues might be most 
influential in their food selection.  
 
In order to better understand how a turtle’s vision may influence its foraging behaviour, it is 
important to understand the various components of its visual system. The spectral sensitivity of an 
animal depends not only on its photopigments but also on the transmissivity of the ocular media 
and, in the case of turtles, of the oil droplets associated with the cones. Turtles have a well-
developed visual system with at least three different photopigments, indicating the ability to see 
colour (Fritsches & Warrant 2013). The visual system of sea turtles is similar to that of fresh water 
turtles; however the sea turtles’ visual pigments are slightly shifted towards shorter wavelengths 
due to the differences in spectral characteristics of the waters in which the different animals live 
(Lythgoe 1979). Sea turtles generally inhabit clearer oceanic waters, whereas fresh water contains 
many dissolved organics and sediments, shifting the maximum light transmission to longer 
wavelengths (Jerlov 1976; Granda 1979; Lythgoe 1979). The bulk of sea turtle vision studies to 
date have been conducted on green (Chelonia mydas) and loggerhead (Caretta caretta) sea turtles 
(e.g. Bartol & Musick 2001; Mäthger et al. 2007). Liebman and Granda found 3 photopigments in 
the green turtle retina absorbing maximally at 440 nm (short wavelength sensitive - SWS), 502 nm 
(medium wavelength sensitive - MWS), and 562 nm (long wavelength sensitive - LWS) (1971). 
Recent evidence indicates that green turtles likely also have a fourth ultraviolet sensitive (UVS) 
photo-pigment, like their freshwater relatives (Mäthger et al. 2007). Turtles possess at least four 
different types of oil droplets, again indicating they have four spectral sensitivities, like birds 
(Mäthger et al. 2007). Each type of oil droplet may be associated with a specific photopigment, or 
may combine with different photopigments to produce multiple types of cone receptors (Granda 
1979; Loew & Govardovskii 2001).  
 
Turtles, like many other vertebrates, also possess double cones, a specialised structure consisting of 
two cones joined together (Marchiafava 1985). The function of the double cone is still a mystery; 
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however it has been hypothesised in both birds and reptiles to play a role in luminance, or 
brightness discrimination (Loew & Lythgoe 1978; Marchiafava 1985; Bowmaker 1990; Marshall et 
al. 2003). Although the exact composition of the double cone structure is unknown, in fresh water 
turtles both of the members have LWS photoreceptors (Loew & Govardovskii 2001). 
 
We created a chromatic space model of the green turtle visual system (sensu Kelber et al. 2003) and 
modelled how both ingested debris and beach debris items appear to turtles. We use this 
information to investigate the following questions: Are green, hawksbill, and flatback turtles 
selectively ingesting particular types of debris over others, and if so, what characteristics of that 
debris (colour, texture, translucency, luminance, or background contrast) are most relevant to 
turtles’ foraging choices? 
 
Methods 
Visual system model 
We modelled the spectral sensitivity of the green sea turtle by incorporating measurements of the 
photopigments, oil droplets, and ocular media. We generated generic spectral photopigment curves 
(Stavenga et al. 1993; Palacios et al. 1996; Hart 1999) based on the peak absorbances for the three 
known green turtle photopigments: 440 nm, 502 nm, and 562 nm (Liebman & Granda 1971). Since 
measurements of the green turtle UVS pigment have not been conducted, we simulated a UVS 
curve based on the UVS pigment of the freshwater turtle Pseudemys scripta. As freshwater turtles 
tend to have pigment maxima at longer wavelengths than sea turtles, we shifted the peak 
absorbance for the Pseudemys UVS curve 7 nm shorter to 365 nm (Loew & Govardovskii 2001).  
 
For oil droplet measurements we assumed that the orange oil droplets were associated only with 
photoreceptors containing the LWS visual pigments, yellow with the MWS, clear (UV-reflective) 
with the SWS pigments, and colourless (UV-transmissive) with the UVS photoreceptors. We used 
published curves for yellow and orange oil droplets from green turtles (Liebman & Granda 1971), 
and clear oil droplets from Pseudemys scripta (Loew & Govardovskii 2001). We shifted the clear 
oil droplet spectrum shorter by 15 nm, corresponding to the difference in peak wavelength between 
the SWS pigments of P. scripta and of C. mydas (Loew & Govardovskii 2001). We were unable to 
find published spectra for the UV-transmissive oil droplet in turtles, but as it has no significant 
absorbance above 325 nm it would not affect the shape of the UV photopigment curve.  
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We applied the Hart correction to each oil droplet (Hart & Vorobyev 2005), converted to 
transmissivity, and multiplied the photopigment curve by the transmissivity of its associated oil 
droplet. We then multiplied the four resulting curves by the transmissivity of the ocular media 
(Mäthger et al. 2007) and normalised the result for each cone to an absorbance maximum of 1 to 
create a modelled spectral sensitivity curve for green sea turtles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Debris collection and measurement 
We conducted necropsies on sea turtles stranded in southeast Queensland, Australia, between 2006 
and 2013, and collected all pieces of debris that had been ingested by the animals (for more details 
see Schuyler et al. 2012). Of 115 necropsied animals, nineteen had ingested sufficient quantities of 
debris for our analysis (16 green turtles, 2 hawksbill turtles, and 1 flatback turtle). To estimate the 
debris to which animals would have been exposed we conducted ten beach surveys on each of two 
different ocean-facing beaches on North Stradbroke Island (Flinders Beach and Main Beach) 
between 2011-2013 (sensu Schuyler et al. 2012). Debris samples were collected and scored by 
trained volunteers under our direct supervision. Upon returning to the lab, we selected 20 random 
debris subsamples from each beach survey and each turtle sample. Items were chosen by a 
blindfolded selector from the entire suite of items spread on a bench, after any potentially hazardous 
items were removed. Three of the turtles had ingested fewer than 20 items of debris, so for these 
turtles, all pieces were analysed. 
 
We assigned each piece of debris a measurement of flexibility between 1 (impossible to bend 
without breaking) and 3 (easily malleable). We also assigned a measure of translucency between 1 
(completely opaque) and 3 (possible to read text through the item). We chose translucency and 
Figure 4.1 Modelled spectral 
sensitivity of C. mydas. Each 
peak represents the 
photopigment multiplied by 
the transmissivity of its 
associated oil droplet and by 
the ocular media.  
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flexibility because they are visual characteristics in addition to colour that might be used for prey 
selection. Using an Ocean Optics JAZ spectrophotometer we measured the reflectance of each item 
between 300-800 nm wavelengths. In 49 of the plastic samples we did not dark-calibrate the 
spectra, so some of the reflectances were slightly below zero. To each of the measurements for 
these samples we added a constant value (equal to the largest negative value for the sample) in 
order to ensure that the minimum value was non-negative. Because the negative values were quite 
small with respect to the maximum reflectances, and represent only a linear shift, this correction 
factor did not affect the outcome of our modelling. 
 
We used our calculated green turtle spectral sensitivities to model how each item of debris would 
appear in the turtles’ visual space (Marshall & Cheney 2011). Because there are virtually no studies 
on the visual systems of hawksbill and flatback turtles (but see Northmore & Granda 1991), we 
used the green turtle spectral sensitivity curves (as modelled above) for all species. The visual space 
for a tetrachromatic animal can be represented as a three dimensional tetrahedron with one vertex 
for each cone. Plotting the relative excitation of each photoreceptor within this space generates a 
representation of the colour of an object as it would appear to a turtle’s visual system.  
 
Using the Vorobyev-Osorio noise-limited chromatic space model (Vorobyev & Osorio 1998) we 
also calculated the 3 dimensional distances between each piece of debris and a measurement of 
background colour that turtles would be likely to encounter; open ocean water.  This gives an 
indication of the contrast of each item to the background colour. This calculation relies on an 
estimate of the proportions of cones present in the retina. Although these data are not known for sea 
turtles, the proportions of oil droplets are (Mäthger et al. 2007), so we assumed the proportions of 
cones in the retina to be equal to the proportions of oil droplets associated with them. Finally, we 
calculated two different measures of luminance. For the first we added the total reflectance values 
for all four cones. Since the double cone may be responsible for luminance discrimination, we 
calculated a second measurement using the total reflectance of the LWS cone only (Loew & 
Govardovskii 2001).  
 
In order to determine whether turtles selected for debris based on the physical characteristics 
measured (colour, texture, translucency, luminance, and background contrast), we used linear 
mixed effects models (R version 3.0.1, package lme4) (R Core Team 2013) with the physical 
factors as response variables and the location the plastic was found (turtle or beach) as the predictor 
variable. In order to control for autocorrelation among plastic items within a beach or stomach 
sample, we incorporated a random effect for each beach or turtle sample. Due to extremely small 
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sample sizes for hawksbills (n = 2) and flatbacks (n = 1), we omitted them from analyses. Because 
of the complex nature of the data set, we analysed each factor separately. In order to obtain a 
relative measurement of the strength of each term, we calculated the absolute value of the ratio of 
the effect size to the intercept term. Note that the larger the ratio, the more highly selective the 
turtles are for the variable.  
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Results 
Our visual model resulted in peak sensitivities of 365, 440, 515, and 560-565 (Fig. 4.1). A simple 
inspection of the turtle visual space models (Fig 4.2) shows that the debris ingested by turtles is 
only a subset of the visual spectrum of debris on the beaches. Specifically, turtles eat fewer blue 
items than what is available to them in the environment. 
Figure 4.2 Colour space triangles. The visual space of a tetrachromatic sea turtle can be 
represented as a tetrahedron (2A). Each vertex represents the contribution from a different cone. 
The lower left corner is the medium wavelength cone, the lower right corner is the UV 
wavelength cone, and the top vertex is the short wavelength cone. In order to portray a 3 
dimensional image in a 2 dimensional space, we use colour to represent the contribution from the 
fourth vertex, the LWS cone (red is a strong contribution from the long wavelength, black is not). 
We plot the plastic from each beach sample (2B) and turtle sample (2C) on a separate triangle. 
Every dot is a single piece of plastic, and the closer the dot to the vertex, the greater the 
contribution from that cone. n = 20 for all samples except KAT 88 (n=13), UWW 242 (n=19), 
and UWW 350 (n=9).  
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The model results indicate that sea turtles select the debris they ingest based on a variety of physical 
properties. In fact, debris ingested by turtles was significantly different from beach debris for all 
environmental variables investigated with the exception of background contrast and the contribution 
of the UV cone (Table 4.1). Turtles differentiated items most strongly based on their luminance, 
flexibility, and translucency. Items ingested by turtles tend to be less bright (i.e. lower luminance 
value), more flexible, and more translucent than items found in the environment. 
 
Table 4.1 Model intercepts, p-values, and model effect size for the physical factors influencing the 
selectivity of debris ingestion by sea turtles. Note that the ratio indicates the relative strength of the 
turtles’ selectivity based on each factor. Stars indicate p values that are significant at the 0.05 level 
 
 
1Calculated as the ratio of the size of the turtle effect to the size of the intercept 
 
Discussion 
The spectral sensitivities we calculated (365, 440, 515 and 560-565) are well matched with 
previously published ERG data of C. mydas spectral sensitivities. Levenson and colleagues (2004) 
observed well-defined peaks at 515 and 570, with a relatively constant sensitivity below 500 nm; an 
earlier study found peaks at 450, 520, and 600 (Liebman & Granda 1971). The technique of high 
frequency flicker ERG used by Levenson et al. (2004) is likely more accurate in the longer 
wavelengths, as it more successfully isolates the cone response from the rod response. However, the 
turtles in this study were older than those used by Liebman and Granda and may have experienced a 
decline in short wavelength vision similar to elderly humans, explaining the lack of a defined short 
wavelength peak (Levenson et al. 2004). Our model, therefore, matches observed sensitivities based 
on ERG. 
 intercept 
SE of 
intercept turtle effect 
SD of turtle 
effect p-value ratio1 
flexibility 1.755 0.088 0.767 0.133 <0.001 * 0.437 
translucency 1.295 0.069 0.375 0.104 0.001 * 0.290 
SWS 0.268 0.006 -0.058 0.010 <0.001 * -0.215 
MWS 0.291 0.005 0.028 0.008 0.002 * 0.096 
LWS 0.311 0.008 0.040 0.012 0.002 * 0.127 
UVS 0.130 0.007 -0.010 0.010 0.345  -0.075 
contrast 25.981 1.551 -1.468 2.356 0.573 -0.057 
luminance 
(sum of all 
cones) 
239.278 16.225 -153.144 24.569 <0.001 * -0.640 
luminance 
(double 
cone) 74.978 4.930 -43.441 7.477 0.000 
 
74.978 4.930 -43.441 7.47 <0.001 * -0.579 
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We assumed that beach debris was a reasonable proxy for ocean-borne debris in the nearshore area 
inhabited by these turtles, and therefore represents the debris “available” to the turtles. Although 
there are limitations of using beach debris as a proxy for ocean debris, it has been widely used in 
previous studies (Dixon & Dixon 1981). Thiel et al. (2013) conducted a multi-year comparison of 
anthropogenic marine debris on beaches and in nearshore waters, finding the proportions of 
different items to be similar. We are therefore confident that local beach debris is representative of 
nearshore ocean debris available to turtles analysed here.  
 
It is clear from inspection of the turtle visual space data that the debris turtles eat represents only a 
subset of the debris available to them in the marine environment (Fig. 4.2). Turtles are selective in 
what they eat, and avoid debris that is reflective in the short wavelengths; i.e. blue items. When 
turtle preferences were analysed based on a human categorical description of colour rather than a 
turtle visual space model, blue was similarly found to be less prevalent in turtle samples than in 
beach surveys (Schuyler et al. 2012). Also in support of our findings, a laboratory-based study of 
loggerhead and Kemp’s ridley turtles indicated that both species avoided blue dyed bait (Swimmer 
et al. 2005). 
 
Colour is not the only visual factor employed in food selection. In other animal species, contrast has 
been found to be as important or even more influential than colour in selecting food sources (Ginetz 
& Larkin 1973; Schmidt et al. 2004). The fact that turtles select against blue items could indicate 
that blue plastics are less readily visible against the blue background of the open ocean. We 
measured this contrast value by calculating the tetrachromatic distance between each debris item 
and a background measurement of open ocean water, but found that turtles did not selectively ingest 
items based on contrast. However, this may be partially due to limitations of the model. Similar 
models calculating colour space distances have reliably predicted honeybee behaviour when visiting 
orchid mimics. Bees were more likely to visit an orchid mimic when there was a small colour 
distance between the orchid and its preferred food source than when the colour space distance was 
large; in other words, when the mimic was a similar colour to their preferred food choice (Gumbert 
& Kunze 2001). However, the honeybee model was only successful when incorporating second 
order visual processing, assuming interactions between photoreceptor types (Brandt & Vorobyev 
1997). Our model did not incorporate these interactions, which may explain why turtles did not 
appear to select for high contrast items.  
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Turtles selected debris with significantly lower luminance values than those of beach debris, 
possibly because dark objects stand out better against the bright ocean background (Lythgoe 1988). 
However, we cannot completely exclude the possibility that the prevalence of darker objects in the 
turtles is partially an artefact of our study design, as the debris in the turtles’ gastrointestinal system 
is exposed to digestive fluids and other waste, which may result in a reduction of luminance. 
Further work on clarifying the differences in selectivity between contrast and colour would help to 
elucidate these results. 
 
The turtles analysed in this study were stranded animals, some of which were emaciated when 
found. As such, they may have exhibited different responses to plastic than would a healthy turtle. 
However, it is likely that if anything, they would be less selective about what they ingest, rather 
than more. The finding that even stranded turtles were selective of the types of debris they ingest 
indicates that health status likely does not affect the type of debris ingested, though it may affect the 
quantity of debris ingested.  
 
The visual space model investigates colour and luminance, but other characteristics influence 
ingestion selectivity in turtles even more than colour. Turtles select plastics most strongly based on 
their flexibility and translucency. Our model suggests that turtles prefer highly flexible and 
translucent objects, both of which are key characteristics of one of their preferred natural prey 
items: jellyfish. This work demonstrates that turtles are indeed selective, and it also provides 
support for the widely postulated “jellyfish hypothesis”. Proper waste disposal, particularly for 
common end user items such as plastic bags and other soft translucent items which are 
preferentially ingested by marine turtles, may help to reduce the rapidly increasing debris ingestion 
rates in threatened sea turtles. We hope this research can inform conservation efforts not only for 
endangered sea turtles, but we also suggest applying similar analyses for other visual predators to 
investigate the key factors that drive ingestion rates and anthropogenic debris selectivity. 
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Chapter 5  
 
Polarisation sensitivity in sea turtles 
 
 
Abstract 
Polarization sensitivity has been documented in invertebrate and vertebrate taxa (Horváth & Varjú 
2004 and references therein) but never for sea turtles. I used two types of behavioural assays to 
determine whether hatchling green loggerhead sea turtles were able to detect polarised light, 
exploiting the innate photo tactic behaviour of hatchling turtles (Mrosovsky 1972) as well as their 
optokinetic reflex (Ireland 1979). Results indicate that sea turtles may have a limited ability to 
distinguish different e-vectors, which could be explained by an animal using a two channel 
opponent model with a very simple processing system. However, it is impossible to exclude the 
possible influence of flaws in the experimental design on the results of the photo tactic experiment. 
In the optokinetic experiment, turtles only exhibited an optokinetic response to non-polarised 
stimuli.  
 
Introduction 
As described in chapter 4, turtles are primarily visual predators, selecting their prey mostly on the 
basis of physical characteristics (Southwood et al. 2007). The previous chapter investigated some of 
these characteristics, including colour, translucency, and brightness. One further characteristic that 
turtles might use to detect their prey is polarization. Polarization sensitivity can be useful for a 
variety of purposes, including navigation and direction finding (Dacke et al. 2003), biological 
signalling (Cronin et al. 2003), or locating cryptic or transparent prey items (Johnsen et al. 2011). 
For sea turtles, the ability to detect polarised light could aid them not only in their long distance 
migrations (Luschi et al. 2003), but also in locating the transparent jellyfish on which all species of 
sea turtle are known to feed (Bjorndal 1997). However, plastic bags also alter the polarization of 
light, which could be one additional factor causing confusion between turtles’ natural prey of 
jellyfish and the bags that they often ingest (Horváth et al. 2009). 
 
Polarization sensitivity has been demonstrated in a number of both invertebrate and vertebrate taxa, 
including fish, crustaceans, insects, amphibians, reptiles, and birds (Horváth & Varjú 2004; 
Marshall & Cronin 2011). The physiological mechanisms underlying the capacity to detect 
polarised light are less well understood for vertebrates than for invertebrates (Marshall & Cronin 
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2011), but experimental evidence suggests that polarization sensitivity in some fish is linked to the 
presence of UV sensitive cones, and indeed the discrimination of polarised light has been proposed 
as one of the main functions of the UV cone for teleosts (Parkyn & Hawryshyn 1993; Kamermans 
& Hawryshyn 2011). Evidence indicating the likely presence of a UV receptor in sea turtles 
(Mäthger et al. 2007), like their freshwater relatives (Ventura et al. 1999; Loew & Govardovskii 
2001) suggests that they might also be able to detect polarised light.  
 
To date there has been only one other study addressing the question of whether marine turtles detect 
polarised light.  Mäthger et al. (2011) found that green sea turtle hatchlings do not use polarisation 
for navigation, at least in the early stages of life; however, this study did not conclusively 
demonstrate that turtles were not able to detect polarised light, but simply that newly hatched 
animals did not use it for orientation. 
 
To assess whether hatchling green and loggerhead sea turtles see polarised light, and therefore 
whether this might be an additional source of confusion between plastic bags and jellyfish, I carried 
out two types of behaviour assays, exploiting the innate photo tactic behaviour of hatchling turtles 
(Mrosovsky 1972) as well as their optokinetic reflex (Ireland 1979). Hatchlings were chosen as the 
experimental animals because they are extremely sensitive to light and do not need to be trained to 
orient to a light source.   
 
Methods 
I carried out optokinetic and phototaxis experiments on 23 green turtle (Chelonia mydas) hatchlings 
from eight different clutches and 15 loggerhead turtle (Caretta caretta) hatchlings from two 
different clutches at Heron Island, Queensland. Hatchlings were kept for a maximum of 72 hours. I 
attempted to feed hatchlings daily, but they were uninterested in eating. To ensure proper health and 
best handling practices, hatchlings were kept in a covered insulated container lined with damp 
towels. 
 
Optokinetic experiment 
Turtles were gently restrained out of water so that only their head and eyes could move, and 
surrounded by three identical LCD screens modified to be able to display a polarised signal (sensu 
Pignatelli et al. 2011) (Fig 5.1). Turtles were shown a blank screen for one minute, then a video of 
alternating grey and white vertical stripes. The moving stripes were first presented with polarising 
filters in front of the LCD screens to display contrast stimuli, visible to any optical system with or 
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without polarisation sensitivity. The direction of the moving stripes was then reversed for one 
minute, and finally the polarising filters were removed so that the stimulus would appear as 
alternating stripes with the same light intensity but differing e-vectors (angle of polarisation). All 
trials were recorded on a Sony Handycam HDR-SR11 at 25 frames per second. From later video 
analysis I calculated the head angle of the turtle every 5 frames (ImageJ 1.46r) 
. 
Phototaxis experiment 
I utilised a large (800mm x 450mm x 380mm) seawater-filled glass tank, lined with black fabric to 
block light reflecting from the glass. The floor of the tank was lined with white fabric to enhance 
the contrast between the hatchlings and background for use in video analysis. The edges of the tank 
were marked every ten degrees, with zero at one end and 180 at the other (Fig 5.2).  
 
Hatchlings were fitted with neoprene jackets and tied to a rotating pivot in the centre of the tank so 
that the animals could swim freely and with no restrictions in any direction they chose (sensu Booth 
et al. 2004). Identical LCD screens modified as above were placed at each end of the tank. 
Polarising filters were placed in front of the LCD screens to present two out of three possible 
experimental conditions (vertical, horizontal, or 45o e-vectors) to the turtles. As a control hatchlings 
were also presented with a paired black and white signal, visible to a non-polarisation sensitive 
visual system. Neutral density filters were used to standardise the absolute light intensity for each 
experimental condition. The tank was rotated 90 degrees midway through the fieldwork (after 6 
days) to ensure there was no influence of magnetic field on hatchling swim direction. Upon 
 
 
 
Figure 5.1 Optokinetic 
experimental setup. 
Hatchlings were restrained 
on a pedestal at eye level with 
the middle of the monitor, and 
surrounded by three modified 
LCD screens displaying the 
moving stimuli. 
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returning to the lab, each experimental condition was measured with an Ocean Optics USB 4000 
spectrophotometer for angle of polarisation (e-vector), degree of polarisation and overall light 
intensity. Fifteen readings of each screen were taken for light intensity measurements. 
 
 The experiments began with the LCD screens off, and turtles facing either 90 or 270 degrees 
(towards the sides of the tank, half way between the LCD screens). The LCD screens were then 
turned on and the turtles allowed to swim for 3 minutes or until they had maintained a consistent 
course (within an arc of 40 degrees) for 60 seconds. The direction of swim was monitored and 
recorded every 10 seconds. Due to permit constraints in the length of time animals could be held, 
each animal was tested between 2-9 times. The start position was randomised, as was the stimulus 
presented at each end of the tank. 
 
The hatchlings’ swim headings were translated into choice data by calculating the average 
swimming direction and 95% confidence interval using R version 2.14, package circular (R Core 
Team 2013).  Turtles were considered to have chosen the screen closest to their average swim 
direction unless the confidence interval overlapped 90 or 270 degrees, in which case the result was 
counted as no choice (NC). We used the Bradley Terry model to determine overall preference 
scores. 
 
 
 
Figure 5.2 Experimental set 
up for phototaxis experiment. 
Hatchling loggerhead and 
green turtles (1-3 days post-
hatching) were restrained on 
a tether attached to a rotating 
disk in the middle of a large 
tank filled with water. Two 
modified LCD screens were 
set up at either end of the tank 
to display experimental 
conditions.
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Results 
Turtles exhibited a strong optokinetic reflex when shown a contrast stimulus, with both saccades 
and slow phase movement. They showed no optokinetic response to the polarised stimulus (Fig. 
5.3).  
 
In the phototaxis experiment, turtles did not show a preference between horizontally and vertically 
polarised light (p > 0.05) (Fig 5.4). However, when given a choice between 45 treatments and 
vertical or horizontal treatments, loggerhead turtles did orient away from the 45 screens (p = 0.0477 
and p = 0.0334 respectively) (Figs 5.5, 5.6). Green turtles also showed a similar trend, though the 
results were not statistically significant; more animals need to be tested. In the control experiment, 
both species exhibited a strong preference for the white screen over black (Fig. 5.7).  
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Figure 5.3 Typical optokinetic response for green turtle GH3. This is indicative of similar 
responses for other turtles tested. A. With polarising filter in front of monitor, presenting a contrast 
stimulus. Spikes indicate saccades followed by slow phase movements typical of optokinetic 
behaviour. B. With polarising filter removed, presenting a polarised stimulus only visible to an 
animal using polarisation vision. No saccades or slow phase movements were observed. 
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When the monitors were calibrated back at the laboratory, I discovered that the neutral density 
filters had altered the polarisation angle of the 45o treatment, so it was actually 102o. Additionally, I 
discovered that although I had corrected the absolute light intensity as closely as possible in the 
field, the 45o monitors were still slightly darker than the H treatments, which were darker than the V 
screens (Table 5.1). 
Figure 5.4 Vertical vs. horizontal choice experiments. Bars indicate the per cent of trials where each 
individual chose a horizontally polarised screen over a vertical one. 
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Figure 5.5 Horizontal vs. 45o choice experiments. Bars indicate the per cent of trials where each 
individual chose a horizontally polarised screen over a 45o one. 
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Discussion 
Although the failure to elicit an optokinetic response to a polarised stimulus provides some support 
for the hypothesis that turtles cannot discriminate polarised light, it does not necessarily 
demonstrate a lack of polarization vision capability. Turtles may simply not use polarization vision 
during this behavioural modality, or indeed at this life history stage.  Humans (and other animals) 
tend to be task-oriented, and sensory responses may be elicited only by information required for the 
specific task at hand (Hayhoe 2000; Downar et al. 2002). Sea turtles may have the ability to see 
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Figure 5.6 Vertical vs. 45o choice experiments. Bars indicate the per cent of trials where each 
individual chose a vertically polarised screen over a 45o one. 
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Figure 5.7 Control experiments. Bars indicate the per cent of trials where each individual chose a 
white screen over black. 
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polarised light, but only utilise it in specific behavioural contexts. Another possible explanation for 
the lack of optokinetic response is that the monitors did not emit light in the UV range; if indeed 
UV is a requisite for polarisation vision, as in some salmonids (Hawryshyn & Bolger 1990), the 
lack of response could be due to shortcomings in the experimental design rather than to the animal’s 
lack of polarisation sensitivity. 
 
Table 5.1 Monitor calibration statistics for each monitor treatment presented to hatchlings. 
 
 
 
 
 
 
 
 
 
 
An animal using a two channel opponent model with a very simple processing system could explain 
the preference shown by loggerheads for vertical and horizontal treatments in the phototaxis 
experiment. The simplest form of polarisation sensitivity is a two channel opponent system, in 
which an animal has receptors sensitive to two different directions of polarised light, typically 
orthogonal to one another (How & Marshall 2014 in review). Often animals with this system are 
quite capable of distinguishing between horizontal and vertical e-vectors, suggesting their receptors 
are maximally sensitive to horizontal and vertically polarised light (Mussi et al. 2005; Glantz & 
Schroeter 2007) (but see Kirshfeld, 1973a, as cited in Horváth & Varjú 2004). However, if the 
animal were sensitive only to the intensity of the signal, and not its sign, vertical and horizontally 
polarised light would appear similar, but a 45o or 102o e-vector would present a different signal to 
the animal.  
 
Depending on the neural processing mechanism employed by turtles, the differently polarised 
signals might appear to the animal as different levels of brightness, analogous to a human looking at 
the stimuli with a pair of polarised sunglasses; certain e-vectors would appear darker than others. 
Moths have been demonstrated to see polarised light signals in terms of brightness, rather than 
colour or some other specific polarisation sense (Kinoshita et al. 2011). If this is the case for turtles, 
given the propensity of hatchlings to swim towards the brighter stimuli (Witherington & Bjorndal 
Treatment E-vector Degree of 
polarisation 
Brightness (average ± 
s.d) 
Phototaxis 
 
 Vertical 92 96.6 1,475,268 ± 793 
 Horizontal 2 96.4 1,430,992 ± 11,746 
 45o 102 84.3 1,353,189 ± 954 
     
Optokinetic 
 
 Grey 142 75.09 NA 
 White 108 108.05 NA 
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1991), we would expect them to prefer certain e-vectors over others. If this simple processing 
mechanism is indeed used by turtles, their polarisation sensitivity would likely not be very useful 
for navigational purposes, as was borne out by an experiment by Mäthger and colleagues, who 
found that hatchlings did not use polarised light cues to maintain an orientation (2011). However, 
this sensitivity could still play a role in location of transparent prey (Johnsen et al. 2011), and 
indeed, in the discrimination of plastic bags exhibiting a polarised signal. 
 
Although I cannot completely rule out the possibility that turtles were orienting to a difference in 
the intensity of light reflected from the sides of the tank rather than from a difference in e-vector, it 
is unlikely since turtles demonstrated no difference in orientation between horizontally and 
vertically polarised screens – a situation which would have elicited the largest reflection difference 
(Horváth & Varjú 2004). 
 
Unfortunately, I also cannot rule out the possibility that turtles were orienting to a direct difference 
in the intensity of light emitted from the screens, based on measurements made in the lab after 
fieldwork was completed. Sea turtle hatchlings are sensitive to changes in light intensity, as it is one 
of the cues they use for sea-finding behaviour (Salmon et al. 1992). Given a choice, turtles 
generally orient towards stronger intensity lights at most wavelengths (Witherington & Bjorndal 
1991). Based on the slight differences between light intensity between our experimental conditions, 
it is impossible to determine whether the turtles oriented towards a particular e-vector that may have 
appeared brighter to their visual system, or towards a particular screen that actually was brighter in 
absolute intensity. In order to elucidate these differences, further research is required.  
 
Further work 
This experiment provided useful preliminary results and directions for further research. I intend to 
repeat the experiment during the next turtle hatching season, with certain additions and changes.  
First, I will line the walls of the tank with white material instead of black. This will reduce the 
likelihood that the turtles respond to the intensity of reflection rather than the polarisation angle 
(Horváth & Varjú 2004). I will also test more animals to allow for improved statistical accuracy.  
 
I will use new monitors that allow for fine adjustments in both angle and degree of polarisation, 
without changing the light intensity, and repeat the choice experiment using these monitors, 
controlling better for intensity and polarisation angle. I will add experiments varying the light 
intensity, as turtles may only utilise polarisation during certain times of day or night, and so that we 
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can determine whether brightness or polarisation is the dominant reason for the choices made by the 
animals. If turtles do exhibit a response to different e-vectors, I will add additional experiments to 
determine whether or not they also respond to the degree of polarisation. 
 
Unfortunately in this experiment the monitor setup did not emit light below 400 nm, a shortfall that 
will be addressed in the next round of experiments. If indeed polarisation sensitivity depends on the 
UV cones, as in salmonids (Hawryshyn & Bolger 1990), then it would be critical to incorporate a 
UV component in the emitted light. Mäthger and	  colleagues (2011) had a similar problem in their 
experimental setup; although the light they used did emit in the UV spectrum, the polarising filters 
did not transmit light at wavelengths less than 390 nm. 
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Chapter 6  
 
Modelling the risks of debris ingestion by endangered species: a sea turtle 
case study  
 
To be submitted as invited contribution to PNAS special issue on marine debris 
 
Abstract 
Marine debris pollution is rapidly becoming one of the critical environmental concerns facing 
wildlife in the 21st century. Here I present a case study using risk modelling to identify the factors 
that are most influential in determining the probability of a sea turtle ingesting debris. The model 
incorporates several different data sources; debris distribution maps based on ocean drifter data, sea 
turtle habitat maps, and field necropsies. I assess several different measures of debris encounter 
rates, and include life history stage, species of turtle, and date of stranding into the model. Life 
history stage is the best predictor of debris ingestion, but the best-fit model also incorporates 
encounter rates within a limited distance from stranding location, debris models specific to the date 
of the stranding study, and species. Using a risk analysis model is an effective way of prioritising 
which factors are most relevant to focus conservation efforts on. It is applicable not only to the sea 
turtle example profiled in this research, but also can be extended to address similar problems for 
other species. 
 
Introduction 
Global plastic production has increased exponentially over the past five decades (PlasticsEurope 
2013), and plastic marine debris has rapidly become one of the key factors affecting environmental 
resource management in the 21st century (Secretariat of the Convention on Biological Diversity and 
the Scientific and Technical Advisory Panel (GEF) 2012). Among a variety of problems posed by 
marine debris is an increasing risk to marine wildlife from debris ingestion and entanglement 
(Schuyler et al. 2014). Of the 663 different species that are recorded to have interacted with marine 
debris, two of the top six species most heavily impacted by marine debris are sea turtles (Secretariat 
of the Convention 2012). In order to understand the influence of plastic and other debris to turtles 
and other wildlife, it is important to determine which factors are most influential in predicting 
debris interaction rates.  
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Globally, few large-scale studies have empirically investigated the location of ocean-borne debris 
(Moore et al. 2001; Law et al. 2010; Eriksen et al. 2013), and most of these have only reported on 
data collected within the past few years. Although data on the distribution of marine debris are 
sparse, ocean drifter data have been successfully used to model debris distribution (e.g. Maximenko 
et al. 2012). Ground truthing of a model created by Maximenko and colleagues (2011) showed it to 
be accurate with respect to predicting locations of debris maxima, but not for predicting relative 
quantities of debris between accumulation zones (Eriksen et al. 2013). Models can be improved by 
incorporating factors such as coastal population density to scale release points and amounts (sensu 
Lebreton et al. 2012). These models can be used not only to predict current debris hotspots, but can 
also model past debris accumulation locations. 
 
Most studies investigating marine debris focus on cataloguing effects on individual animals or local 
populations (e.g. Beck & Barros 1991; Tourinho et al. 2010), or use models to describe the 
distribution of marine debris (e.g. Lebreton et al. 2012; Eriksen et al. 2013) Wilcox and colleagues 
(2013) pioneered a new approach, using a combination of ocean drift models and empirical data to 
predict encounter rates for marine turtles with ghost nets. Predicted encounter rates were strongly 
correlated with observed entanglement events, suggesting that encounter data is an important factor 
to consider in modelling risk of debris interactions for sea turtles and other wildlife. In addition to 
encounter data, other factors such as foraging strategy, availability of food sources, and life history 
stage may also play a role in determining the risk of debris ingestion to an individual. For example, 
for both seabirds and turtles, different species and life history stages were shown to experience 
significantly different frequencies of debris ingestion (Day et al. 1985; Moser & Lee 1992; Schuyler 
et al. 2014).  
 
Determining ecological risk typically involves two stages; first assessing exposure to an 
environmental contaminant, and then characterising the effects (consequence) stemming from 
variations in the level of exposure (Suter II 2006). These two inputs are then integrated to estimate 
the risk, or the probability of a particular outcome (endpoint) given the predicted exposure 
(Hunsaker et al. 1990). Spatial data can be extremely useful in both assessing exposure and in 
displaying spatially organised risks (Suter II 2006). 
 
The aim of this chapter is to develop a model of debris ingestion risk for sea turtle species applied at 
a global scale.  Sea turtles are an ideal group of taxa for a case study due to their long distance 
oceanic migrations during both their post-hatchling phase as well as their reproductive stage, which 
see them pass through ocean fronts and other debris accumulation zones (Carr 1986). The model 
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used here estimates exposure levels to marine debris and incorporates basic aspects of turtle biology 
(such as life history stage and species). The endpoint selected is whether or not the turtle ingests 
debris after encountering it. Global scale risk assessment predictions are created for debris ingestion 
rates for each marine turtle species.  
 
Methods 
Debris modelling 
Debris models were provided by Erik van Sebille, and produced as follows. The spatial and 
temporal distribution of marine plastics was computed using trajectories from observational surface 
drifting buoys launched in the Global Drifter Program gridded onto a one degree square global grid 
(details provided in van Sebille et al. 2012). In brief, these gridded trajectories are summarised in a 
set of six transit matrices, one for each two-month period in the year. The entries of these transit 
matrices depict, for each grid cell, the probability of getting to any of the other grid cells two 
months later. By iteratively multiplying this matrix with a vector of plastic concentrations in the 
ocean, the evolution of plastic from any point in the ocean can be tracked. 
 
There are no data on local plastic use around the world for every country, let alone data on the 
amount of plastics getting into the ocean. In order to still get a spatially and temporally varying 
source distribution for plastic, it was assumed that plastic waste is spatially proportional to local 
population and temporally proportional to global plastic production. The plastic input into the ocean 
was modelled by continually releasing tracer (essentially virtual plastic) from all coastlines around 
the world, in a quantity proportional to the number of people living within 100 km from each point 
on the shoreline, and new releases were made at every two-month time step. The amount of tracer 
entering the ocean from each coastal grid cell increased exponentially with time, using parameters 
from the EU report on global plastic production (PlasticsEurope 2009). The quantity of tracer 
entering the ocean is therefore a function of both the number of people living near the coast in any 
given area, and of the total amount of plastic produced globally in that year. The tracer is 
conserved, so sinking and/or beaching particles are not taken into account in the model. The model 
incorporates drogued (48%) and non-drogued (52%) floats. The latter are much more influenced by 
wind than the former, and because ocean plastics are a combination of floating plastics (subject to 
wind stress) and neutrally buoyant plastics in the mixed layer, combining the two gives a good 
indication of the actual forces that would be acting on ocean plastics (van Sebille et al. 2012).  
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The evolution of plastic concentration was computed for 50 years, from 1960 to 2010, and the 
output was saved every 2 months. Note that the plastic concentration is a dimensionless quantity, as 
the plastic source function is only proportional to local population size and global plastic 
production; the proportionality constants are presently unknown (i.e. the fraction of plastic 
produced that gets into the ocean) and hence the relative densities cannot be converted to actual 
mass. 
 
Turtle distribution 
To determine the likely distribution of sea turtle populations, regional management unit (RMU) 
shapefiles for all seven turtle species were accessed from OBIS-SEAMAP 
(http://seamap.env.duke.edu/swot, access date April 2, 2012) (Halpin et al. 2009; Wallace et al. 
2010). RMUs are based on a variety of data, including genetics, tag returns, satellite tracking, and 
population dynamics. These RMU shapefiles are more specific than general species distribution 
maps, and represent areas shared by individuals from multiple nesting sites and genetic origins, 
defined by biogeographic boundaries. 
 
Necropsy data 
I conducted a comprehensive search for papers on diet and debris ingestion in turtles published 
since Balazs’ review in 1985.  I searched ISI Web of Knowledge and the Aquatic Sciences and 
Fisheries Abstracts for the terms feeding ecology, foraging ecology, or diet and plastic, debris, 
marine debris, litter, flotsam, detritus, or tar balls. Only studies in which a systematic survey of at 
least seven individuals were necropsied were selected. Diet studies in which necropsies were 
conducted were included whether or not they found plastics. I excluded studies in which only hook 
and line were ingested, because I could not determine whether ingestion was of an item of debris or 
from active fishery encounters. Where possible, animals were assigned to either neritic or oceanic 
life history stages. If not specified in the paper, animals were assumed to be oceanic when they 
were below a minimum recruitment CCL for that species (40 cm for green turtles in the Pacific 
(Limpus 2009) and 30 cm in the Atlantic (Bjorndal et al. 2000a), 35 cm for hawksbill turtles in the 
Pacific (Limpus 2009) and 25 cm in the Atlantic (León & Diez 1999), 65 cm for loggerhead sea 
turtles (Limpus 2009) in the Pacific and 53 cm in the Atlantic (Bjorndal et al. 2000b), and 20 cm for 
Kemp’s ridley turtles (Ogren 1989)). Leatherback turtles were always presumed to be oceanic, and 
flatback turtles to be neritic. For some studies life history stage could not be determined. The centre 
point of the geographic range of the study was used to determine the closest RMU for the stranded 
animals, and I assumed animals were drawn from that RMU. The data were parsed by species and 
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by year of stranding when the study contained enough information to do so, meaning that each 
paper could contribute more than one data point to the model. Because most studies investigated 
animals that had been stranded coastally, there was not have a high proportion of turtles that would 
have likely been feeding in the mid-ocean, where debris accumulation gyres occur. To address this, 
I incorporated necropsy data from 69 individuals (22 green turtles, 45 olive ridley turtles, and two 
loggerhead turtles) caught by longline fishing boats within the North Pacific. Turtles were 
necropsied using standard techniques. I had latitude and longitude coordinates from the capture 
location for each turtle, so I included each one as an individual data point in the model.  
 
Risk model 
I determined the mean concentration of debris within the spatial bounds of the relevant RMU for 
each species in each study, giving a measurement of the possible encounter rate between turtles and 
debris across the entire RMU.  In addition, I calculated three weighted measures of encounter rate, 
assuming that turtles would have been more likely to ingest debris close to where they stranded. 
Each raster pixel was weighted by the inverse distance from the stranding location to obtain a 
simple relationship between distance and encounter likelihood. However, it is likely that the 
relationship between distance and encounter likelihood is not direct, so I also calculated the inverse 
squared distance and the inverse square root of the distance as weighting factors. I also calculated 
the debris concentration within 250 km from the stranding location. I used 250 km as it was the 
distance that maximised the model fit. I utilised the last debris scenario of the model, which 
presumptively represents the current-day global debris distribution, and also repeated the 
calculations using the debris model predictions corresponding to the beginning year of each 
necropsy study.  
 
In order to determine which risk factors were the best predictors of debris ingestion probability, I 
compared a set of posited logistic regression models including life history stage, species, and the 
four different measures of debris encounter rate, for both the present day debris scenario, as well as 
the debris scenarios relevant to each individual study. The AIC (Aikake’s information criteria) 
values for each model were calculated and compared to a null model to determine which model 
explained the data best. Because I only had data for a single flatback turtle, I excluded flatbacks 
from analyses.  
 
Using the most recent debris data layer, I predicted the likelihood of debris ingestion for each 
species of turtle at each map pixel (1 degree by 1 degree). I assumed the turtles to be of unknown 
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age, and calculated the debris they would be likely to encounter within 250 km of each pixel 
location to calculate the estimated risk based on the best-fit model (Figure 6.1). I then calculated the 
mean and standard deviation of the estimated risk to each species over the entire range, to determine 
which species are overall most at risk of debris ingestion. 
 
Result 
A total of 33 papers were analysed, plus the 69 turtles from the Pacific longline study (PLS). For a 
comprehensive list of papers see Chapter 2 of this work (Schuyler et al., 2014). Because some 
papers reported on multiple species, life history stages, and dates, a total of 153 data points were 
utilised in the model (Table 6.1).  The sample size of each published study ranged from a minimum 
of 7 turtles (Seminoff et al. 2002b) to a maximum of 192 turtles (Quinones et al. 2010).  
 
Table 6.1 Total number of studies and data points used to develop the model. 
 
 Green Loggerhead Hawksbill Kemps 
ridley 
Leatherback Olive 
ridley 
Flatback 
# of papers 22 + PLS  20 + PLS  2 7 5 PLS  1 
# of turtles 
(total) 
765 809 33 355 166 
 
45 1 
# of model 
data points 
54 29 11 8 5 45 1 
# of RMUs 
(of total) 
represented 
9 (17) 6 (10) 2 (13) 1 (1) 2 (7) 1 (8) 1 (2) 
 
 
The best-fit model (AIC= 810) incorporated life history stage, species, and the mean debris density 
within 250 km of the stranding location (unweighted), based on the debris scenario appropriate to 
the starting year of the study (Table 6.2). In this model, life history stage and debris concentration 
were significant at a p<0.05 level) (Table 6.3). With green turtles as a reference species, Kemp’s 
ridley, olive ridley, and loggerhead turtles were significantly different in their likelihood of 
ingesting debris. The deviance values indicate that the model accounts for approximately 30% of 
the variability seen in the data. Olive ridley turtles had the highest overall risk of ingestion (mean ± 
s.e =	  0.6944 ± 0.001085), followed by loggerhead turtles (0.5591 ± 0.00217), green turtles (0.5472 
± 0.002203), hawksbill turtles (0.5453 ± 0.002174), leatherback turtles (0.5335 ± 0.001795), and 
finally kemps ridley turtles were least at risk (0.3533 ± 0.01024). 
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Table 6.2 AIC and deviance values for the logistic regression models tested. 
Model AIC Deviance 
Null 1101.4 939.7 
Debris exposure models   
     Mean debris across entire RMU (RMU) 1076.9 913.2 
     Weighted by inverse distance  1072.2 908.5 
     Weighted by inverse distance squared 1066.4 902.7 
     Weighted by square root of inverse distance 1075.1 911.5 
     Mean debris within 350 km (CUT) 1071.7 908 
     Mean debris across entire RMU from relevant time      
     Period 1096 932.3 
     Mean debris within 350 km from relevant time period  
     (TIME CUT) 1027.4 863.7 
     Mean debris within 350 km, weighted for distance 1069.5 905.9 
Life History Stage (LHS) 926.2 760.5 
LHS + TIME CUT 883.4 715.7 
Study start date 1072.3 908.6 
Study end date 1053.3 889.6 
LHS + End date 899.6 731.9 
LHS + End date plus CUT 901.6 731.9 
LHS + end date + TIME CUT 879.1 709.4 
Species 935.2 761.5 
LHS + Species + TIME CUT 810.4 630.7 
LHS + Species + TIME CUT + End date 812.4 630.7 
 
 
 
Table 6.3 Model coefficients for best-fit model, LHS + Species + TIME CUT 
Model coefficients for best fit model Estimate St. err P value 
Intercept -0.5593 0.1098 < 0.0001 
Life history stage (neritic) -0.184 0.1316 < 0.0001 
Life history stage (oceanic) 0.5681 0.1562 0.00028 
Hawksbill -0.0927 0.4061 0.81934 
Kemp's Ridley -1.3676 0.1712 < 0.0001 
Leatherback -0.2830 0.2001 0.15726 
Loggerhead -0.3241 0.1297 0.01244 
Olive ridley 0.9523 0.4050 0.01872 
Unknown species -13.0067 535.4112 0.98062 
Exposure (within 250 km, from relevant 
time period 11.7036 2.1891 < 0.0001 
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Discussion 
By utilising a combination of data sources including ocean drift models, sea turtle distributions, and 
field necropsies, I created a risk analysis model revealing which factors are the best predictors of 
debris ingestion rates in sea turtles.    
 
Contrary to what was found for sea turtle entanglement in ghost nets (Wilcox et al. 2013), 
encounter rates between turtles and debris do not appear to reliably predict debris ingestion by sea 
turtles on their own. This suggests that selectivity plays more of a role in ingestion than 
entanglement for sea turtles. The same appears to be true for the northern fur seal, which also 
exhibits no selectivity with respect to entanglement (Fowler 1987), though they do appear to 
selectively ingest particles of a particular size range (Eriksson & Burton 2003). It is, however, 
possible that the debris found in seals may come from eating prey that have consumed debris, so the 
observed size selection may be a result of limitations of the size their prey are able to ingest, rather 
than a choice made by the seals themselves. The concept of selectivity of marine debris with respect 
to ingestion has been investigated in a variety of taxa, including seabirds (Acampora et al. 2013) 
and turtles (Schuyler et al. 2012), and is critical to designing effective conservation measures. 
Understanding what drives animals to ingest certain types of debris over others may result in 
guidelines for industry and manufacturing which could reduce ingestion rates.  
 
The model indicates that in addition to encounter rate, other risk factors must also be considered. 
Life history stage is a critical factor, and the finding that young oceanic turtles are more likely to 
ingest debris than their neritic counterparts is echoed in other studies (Balazs 1985; Plotkin & Amos 
1990). However, life history stage is only one piece of the puzzle. The best-fit model incorporated 
debris within a 250 km radius of the stranded animals, indicating that these animals are likely 
ingesting debris within a limited range of their stranding location. Although the 250 km radius from 
a stranding site is considerably larger than the home range for most species of turtle during foraging 
(Renaud & Carpenter 1994; van Dam & Diez 1998; Seminoff et al. 2002a), the animals in these 
studies include not only juvenile turtles that may have only recently recruited from ocean waters, 
but also adults who may have completed or were in the process of reproductive migrations. Data 
from published necropsy studies do not discriminatory among migration, foraging, and 
developmental life stages. Hence the 250 km range was used, which optimises the model output, 
integrates turtles from all life history stages. Whilst behavioural status could add to the predictive 
capacity of the model, it simply is not possible given the current global state of knowledge.  
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The likelihood of debris ingestion is not correlated with debris densities in the immediate stranding 
site or in the entire home range, (Schuyler et al. 2014), but rather over a limited distance. This result 
answers a long-standing question of where stranded turtles ingest their debris; close to shore or in 
mid-ocean gyres.  
 
Experimental studies suggest that plastic has a residence time in a turtle’s gut of between 4 days to 
4 months (Lutz 1990). In order for the turtles to have stranded on the beach they could not have 
been very far from the coast when they died (Hart et al. 2006), so it follows that they would have 
ingested the debris within a limited area of their stranding location. However, although turtles that 
strand on beaches are most likely to have ingested debris close to their stranding location, there are 
likely many other turtles ingesting debris further from shore that do not wash up onto shore, thus I 
rely on the model to predict debris ingestion rates for turtles foraging far from shore (Epperly et al. 
1996).  
 
Time was also an important factor in predicting ingestion rates, as ingestion rates have increased 
significantly over time. Start and end date alone were significant predictors (p=0.0028 and p < 
0.0001 respectively), but did not improve model predictions as much as using the debris models 
corresponding to the start date of the study. The model incorporates rising global plastic production 
rates (PlasticsEurope 2013), so if these rates continue on their current trajectory, I would expect 
similar increases in the probability of debris ingestion. 
 
Incorporating species data in the model also improved its predictive capability, as different species 
have different likelihoods of debris ingestion. The model predictions, based on data from stranded 
sea turtles, indicate that as a whole, olive ridley, and loggerhead sea turtles are most at risk from 
ingesting debris. However, as can clearly be seen from the global risk maps, species and individuals 
that pass through oceanic gyres will experience a dramatically increased likelihood of debris 
ingestion (Figure 1). Leatherback and loggerhead sea turtles have the greatest overlap with oceanic 
gyres, and thus at certain life history stages, these two species will be more likely to ingest debris.  
 
The model predicts a 100% likelihood of ingestion risk for turtles in certain areas of the ocean. 
These extremely high ingestion risks are likely predicted because the necropsy data used to ground 
truth the model were primarily from animals found in coastal areas, where debris concentrations are 
seldom as high as in ocean gyres, which accumulate debris. Model results should therefore be used 
to compare relative risk levels, as opposed to determining the actual ingestion likelihood for a turtle. 
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The model would benefit from further groundtruthing using data from non-stranded turtles, such as 
individuals caught in longline fisheries far from shore or those foraging within oceanic gyres.  
 
The methodology employed in this study provides insights into the factors influencing debris 
ingestion by sea turtles, but could also be used to assess risk factors for other species to problems 
that occur on a geographic scale. Other studies have assessed risk from a variety of human impacts 
(e.g. Halpern et al. 2008), but few studies have taken the next step in using empirical data to fit and 
validate the models. This technique has already been successful in predicting sea turtle interactions 
with ghost nets (Wilcox et al. 2013), and could also be utilised in determining risk factors for long-
line fishing bycatch rates for a number of different species, to investigate impacts from oil spills on 
migratory animals, or to assess the risks from habitat loss due to urban development on land, among 
others.  
 
Conclusions 
Applying a risk analysis approach is an effective way of prioritising which factors are most relevant 
on which to focus conservation efforts. It is applicable not only to the sea turtle example profiled in 
this work, but also can be extended to address similar problems for other species. My results show 
the importance of local efforts to reduce marine debris inputs, as turtles are ingesting debris close to 
shore, but also of a coordinated global effort to reduce debris, as the oceanic gyres where debris 
accumulates are areas of high risk. Young, oceanic turtles foraging off of the west and east coasts of 
the USA, and the west and east coast of southern Africa, are at high risk for debris ingestion. 
Additionally, Southeast Asia appears to be an area of relatively high risk to turtles, though very 
little research has been conducted on debris ingestion by turtles in this region.  
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Chapter 7  
 
General discussion and directions for further study 
 
 
This thesis set out to assess the factors influencing debris ingestion by sea turtles. Through a 
combination of meta-analysis of previously published data, field necropsies and beach surveys, 
laboratory-based behavioural experiments, and modelling, I evaluated the importance of geographic 
debris distribution, life history stage, species, physical and visual characteristics of debris, and time 
to the frequency and selectivity of debris ingestion. Although there are a number of studies 
documenting debris ingestion by sea turtles, in most instances, the research presented here is the 
first to address the factors influencing or contributing to observed ingestion rates by sea turtles. 
 
In this chapter, I summarise the main findings of the thesis, discuss them in the context of other 
species, outline the limitations of this study and areas for further research, and make 
recommendations for action to help remediate the problem of debris ingestion. A more specific 
discussion section for each chapter can be found at the end of Chapters 2-6.  
 
Geographic location 
Based on data from stranded turtles, debris ingestion rates are correlated with debris encounter rates 
within a limited distance from the stranding location, when taking into account other factors such as 
species and life history stage (Chapter 6). Given that stranded turtles represent only a small 
proportion of the turtles that die at sea, and would likely be restricted to animals that died relatively 
close to shore (Hart et al. 2006), we rely on our model to predict debris encounter rate and risk of 
ingestion for turtles living farther from shore.  Because the areas of highest debris accumulation are 
located in the mid-ocean gyres, our model suggests that species such as loggerhead, leatherback, 
and olive ridley turtles, whose distributions overlap the oceanic gyres, are at the highest risk for 
debris ingestion. This model also accounts for the relatively low ingestion rates seen in Kemp’s 
ridley turtles, as their habitat is primarily restricted to the eastern coast of the United States and they 
do not undergo oceanic migrations.  
 
The debris ingestion literature often fails to address geographic variability. Williams et al. (2011) 
mapped the overlap between marine debris and marine mammal distributions in British Columbia, 
but did not correlate the overlap areas with observed ingestion or entanglement rates. Other studies 
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have suggested that differences in observed ingestion rates may be due to different amounts of 
debris in feeding habitats, but did not correlate ingestion rates with any measure of debris 
accumulation (Spear et al. 1995; van Franeker et al. 2011).  Young et al. (2009) mapped the habitat 
distribution of two different populations of Laysan albatross, and calculated the overlap with areas 
of debris accumulation zones, finding that chicks from the population that foraged in the western 
Pacific garbage patch were more likely to be fed debris than chicks in the population that did not 
forage in debris hotspots. Similarly, debris distribution and turtle habitat usage were mapped in the 
Rio de la Plata estuary in Brazil. The high frequency of anthropogenic debris ingestion observed in 
these turtles was thought to be a result of the proximity to a frontal zone which accumulates plastic; 
however, this was only proposed as a hypothesis but not tested by comparing with turtles feeding 
away from the frontal zone (Carman et al. 2013). 
 
Life history stage 
In analysing necropsy data from 115 turtles in Queensland and meta-analyses of previously 
published data, I found that young, oceanic-feeding turtles are significantly more likely to ingest 
debris than older, benthic feeding turtles (Chapters 2,3,6). Results on life history susceptibility to 
debris ingestion had been equivocal to date. Although some previous studies similarly found 
smaller turtles to be more susceptible to debris ingestion (Balazs 1985; Plotkin & Amos 1990), 
others did not find such a relationship (Bugoni et al. 2001; Tomas et al. 2002; Lazar & Gracan 
2011). On a global scale, incorporating data from multiple studies, my analyses clearly demonstrate 
that oceanic-stage turtles are more likely to ingest debris. Indeed, it appears that life history stage is 
one of the primary drivers of ingestion rates in sea turtles (Chapter 6). 
 
There are several likely explanations for this observation. First, the long distance oceanic 
migrations undertaken by post-hatchling turtles of many species and their utilisation of upwelling 
and convergence zone habitats (Boyle 2006) increases their exposure to areas of high debris 
concentrations (see Chapter 6).  Second, they are naïve consumers, and, like young seabirds, may 
be more likely to ingest debris because of their unfamiliarity with it (Day et al. 1985). Finally, 
because of the relative paucity of food in the ocean environment and the non-selectivity of post-
hatchling turtles, items of plastic, which may also be encrusted with fish eggs or other food sources, 
may be highly attractive to young turtles (Boyle & Limpus 2008).  
 
Young seabirds and dolphins also appear to exhibit differences in debris ingestion frequency 
between juvenile and adult life stages. Most studies have found juveniles are more likely to ingest 
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debris than adults, (Day et al. 1985; Denuncio et al. 2011; Acampora et al. 2013; Verlis et al. 2013) 
(but see Spear et al. 1995), though many studies do not report on age or size differences, even if the 
data are available (e.g. Beck & Barros 1991). In pinnipeds, juvenile animals are more commonly 
seen interacting with debris than adults, though their encounters typically result in entanglement 
rather than ingestion (Laist 1987). Additional explanations for these patterns may exist for different 
species, e.g. adult sea birds offloading plastic to chicks, and juvenile fur seals approaching plastic 
out of curiosity (Derraik 2002). However, because the trends are similar for a variety of species, 
there is likely a shared characteristic driving observed life history stage differences in ingestion 
rates. The only characteristic common to juveniles of all species is naiveté, which may play a 
significant role in ingestion by juveniles.  
 
Species 
The results of my work indicate that hawksbill turtles, green turtles, and leatherback turtles are 
more likely to ingest debris than are loggerhead turtles and Kemp’s ridley turtles (Chapter 2). 
Although I did necropsy one flatback turtle and it contained more than 80 pieces of debris, the 
sample size for flatbacks was too small to include in the analyses. Similarly, I found no published 
studies of debris ingestion for olive ridley turtles.  
 
Differences in debris ingestion in seabird species are commonly attributed to feeding behaviour or 
target prey items, with surface feeders more likely to ingest debris than diving birds. This may be 
because plastics are more commonly found at the surface; because diving birds typically target fast 
moving prey, not static items; or perhaps because of the different areas in which they forage (Moser 
& Lee 1992). Differences between ingestion rates in turtle species appears to also be related to 
target prey, with herbivores and gelatinovores more likely to ingest debris than carnivorous species 
(Chapter 2). These differences may also result from varying debris levels at foraging grounds, but 
particularly in the case of gelatinovores, probably results from visual confusion between plastic 
items and the prey source (Chapter 4). A study of 10 odontocete cetacean species also attributed 
differential debris ingestion to feeding strategy and habitat. Interestingly, benthic-feeding cetaceans 
were more likely to ingest debris than species feeding in the upper water column (Walker & Coe 
1989). Unlike cetaceans, turtles appear to ingest plastics from the water column as opposed to from 
the benthos, as most of the debris that they ingest is positively buoyant (Chapter 3).  
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Visual characteristics of ingested debris 
A variety of researchers have characterised physical properties of ingested debris in marine taxa 
including turtles, seabirds, fish, and cetaceans (Day et al. 1985; Walker & Coe 1989; Bugoni et al. 
2001; Boerger et al. 2010). Many studies attribute the preference of animals for certain coloured 
items to the similarity to prey species, yet none of these studies have investigated the visual 
properties of ingested debris from the point of view of the animals themselves (Day et al. 1985; 
Boerger et al. 2010). This study is the first to do so, and also the first to model which characteristics 
of the debris are most relevant to the selectivity of the animals.  
 
My investigation of the visual characteristics of the debris ingested by sea turtles using modelled 
sensitivity curves for green turtles indicated that turtles preferred translucent and flexible items 
(Chapter 3). This finding lends support to the hypothesis that sea turtles ingest debris because it 
looks like a prey item, particularly jellyfish. This does not explain all debris ingestion by sea turtles, 
as turtles also ingest debris that does not resemble jellyfish, but model results suggest that 
selectivity for translucent and flexible items does play a significant role.  
 
The fact that sea turtles do not ingest blue debris may be because it is more difficult to see against 
the blue of their marine environment, but could also be a natural avoidance of blue items. In a 
laboratory experiment, turtles did not feed on squid that were dyed blue (Swimmer et al. 2005). 
Many toxic marine creatures are aposematic, using colour to warn off potential predators (Ang & 
Newman 1998; Mäthger et al. 2012). Green turtles in Australia have been known to ingest blue 
lined octopus, with lethal results (Townsend et al. 2012). These animals were presumed to have 
accidentally ingested the octopi along with a mouthful of seagrass; had they seen and avoided the 
blue octopi a much more favourable result would have ensued. Therefore, the avoidance of blue 
items could potentially be evolutionarily significant, by steering animals away from venomous blue 
prey.  
 
Selectivity and environmental availability 
A key concept underpinning this entire body of work is the interaction between selectivity and 
environmental availability of debris, and how these impact the types and quantities of debris that 
turtles eat. I have addressed selectivity in Chapters 3 and 4, and to a lesser extent, Chapter 5. Debris 
found in turtles is compared to debris found in the environment, to determine what types of debris 
they might actively select. Selectivity does play an important role in the type of debris that turtles 
eat. In Chapter 3 I find a difference in selectivity between benthic-feeding and pelagic-feeding 
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animals, though Chapter 4 suggests that flexibility, translucency, and colour govern selectivity in all 
turtles. In Chapter 2 I determine that different species of turtles have different likelihoods of 
ingesting debris, but unfortunately I did not have sufficient detailed data on the debris ingested by 
multiple species of turtles to determine if species affects selectivity. It is also possible that 
polarisation of plastic may play a role in selectivity; however, the data were not conclusive on the 
subject (Chapter 5). 
 
While selectivity determines what type of plastics are ingested, the total availability of plastic is 
critical to determine what quantities are ingested. I address this question in Chapter 6, and to a 
lesser extent, Chapter 2. Turtles foraging in areas of high debris concentrations are more likely to 
ingest debris than those foraging in areas of low debris. Current modelling scenarios only predict 
the quantities of debris found in particular areas. It would be informative to be able to predict (or 
measure) the differences in types of debris found in different geographic locations, to be able to 
more accurately understand the interplay between selectivity and availability.  
 
Directions for further research  
My work provided the first comprehensive look at a variety of factors affecting marine debris 
ingestion by sea turtles. However, there remain a number of important questions. The majority of 
the data used in this research was from necropsied animals. Although necropsy is currently the best 
and most reliable method for accurately assessing the prevalence of debris ingestion in a turtle 
(Seminoff et al. 2002b), it necessarily biases the study sample to dead turtles and more specifically, 
to dead turtles that strand on shore. In order to assess ingestion rates for turtles that have been 
foraging away from shore, it would be prudent to incorporate additional samples, particularly of 
turtles caught as bycatch on vessels that fish far from shore, and ideally in debris hotspots. This 
would also address another limitation of the study, which is that we cannot be certain where the 
necropsied animals lived or died, and therefore we must make assumptions about where the debris 
they have ingested comes from, based on ocean currents, typical gut passage times, and other 
ancillary data.  
 
The majority of turtles that strand suffer from a number of health conditions, are often emaciated 
and in ill health. Therefore we still don’t know what percentage of healthy turtle populations ingest 
debris. Additionally, determining accurate estimates of mortality from debris ingestion is extremely 
challenging. This critical data gap needs to be filled so that we can determine the overall frequency 
of ingestion and impact to the population from ingested debris. It would be very useful to develop a 
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non-invasive technique that could be applied on a large scale to accurately estimate the percentage 
of non-stranded turtles that ingest debris.  
 
We now have good data for debris ingestion in green, loggerhead, leatherback and Kemp’s ridley 
turtles, but we lack sufficient data for olive ridley turtles and flatback turtles, and only a handful of 
studies exist on debris ingestion on hawksbill turtles. Given the coastal foraging lifestyle of flatback 
turtles, they may be less at risk than other species; however, more studies need to be carried out to 
determine their likelihood of ingestion, so that they can be incorporated into the risk modelling.  
 
The visual model gives an insight into the types of debris selected by turtles, and suggests that soft, 
translucent plastics are preferred by turtles, and that blue plastics are avoided. The next step would 
be to confirm this behaviourally, by designing experiments to test preferences in live sea turtles. 
The challenge is to carry out such an experiment without exposing turtles to plastic ingestion. 
Turtles could be tested for preference without actually allowing them to ingest the particular 
materials, or edible substances such as agar could be manipulated in colour and texture to provide 
simulated plastics to the turtles. 
 
The work I carried out on polarisation vision in hatchling green and loggerhead turtles was 
unfortunately inconclusive, although it did have promising initial results. Further study could 
determine whether these species and others do in fact exhibit polarisation vision. If they do, a 
survey of the polarising properties of a variety of plastics would help to determine the role that 
polarisation might play in the ingestion of plastic by marine turtles.  
 
And finally, though there is abundant circumstantial evidence for the existence of a UVS 
photoreceptor in the retina of the green sea turtle, anatomical, genetic, and behavioural studies 
could be used to acquire conclusive data proving the ability of sea turtles to detect UV light.  
 
Recommendations 
In order to adequately monitor the prevalence of plastic ingestion in wildlife, changes over time, 
and the impacts from that ingestion, standardised and centralised data reporting is critical. With a 
standard set of data we can better compare studies from different regions to improve and validate 
models. Regardless, current modelling indicates that turtles most likely ingest debris within 250 
kilometres of where they strand. Evidence is clear in Australia, at least, that a significant proportion 
of coastal debris is generated domestically (Hardesty & Wilcox 2011). It is therefore incumbent on 
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nations, particularly those with local populations of endangered sea turtles and other wildlife, to 
increase efforts to improve waste management, minimise losses into the marine environment from 
landfills and other disposal areas, and to carry out clean up activities along their coastlines.    
 
However, the responsibility does not lie solely with nations supporting turtle populations. Model 
results indicate that mid-ocean debris hotspots are of particular concern for species making trans-
oceanic migrations. Debris accumulation in oceanic gyres is a global problem, and local inputs 
come from around the globe, hence, marine debris must be managed both locally and globally, by 
addressing plastic pollution from a life cycle perspective. Appropriate controls, including both best 
practices and legislative measures should to be implemented from the beginning of product 
development through to disposal, to ensure that waste impacts are minimised. By working in 
partnership with industry, local, regional, and state governments can help to reduce debris 
generation.  
 
Waste management is another critical area for reducing debris inputs to the environment. In many 
countries in Europe, plastics are being converted to energy, which keeps them out of the landfills 
and out of the oceans, while creating a renewable source of energy. Between refuse derived fuel 
(RDF) and waste incineration plants, countries such as Switzerland and Austria reclaim up to 70% 
of produced plastics for energy (PlasticsEurope 2013). Australia and other developed nations could 
follow suit, ensuring, of course, that adequate controls are installed on emissions during these 
processes. 
 
Consumers also play a role, both in the choices they make and the pressure they put on to industry 
to develop environmentally friendly alternatives, as well as in their utilisation and disposal of 
products.  Turtles selected for soft, translucent plastics. These types of plastics tend to be end-user 
products such as plastic bags and cling wrap. The information presented here could be used in 
targeted educational campaigns aimed at minimising losses by the end-user.  
 
Summary 
The results presented in this thesis provide evidence that debris ingestion by sea turtles occurs 
ubiquitously, that it has increased over time, and that some marine turtle species are more prone to 
debris ingestion than others. Debris ingestion rates can be predicted by debris encounter rates and a 
small number of biological factors. This is the first study to investigate selectivity from the point of 
view of the turtle, and the first to model global risks of debris ingestion by sea turtles. Sea turtles 
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are indeed selective about the type of debris they ingest, and target soft, translucent plastics in 
particular, lending support to the hypothesis that they ingest debris that resembles jellyfish.  
 
Figure 7.1 Debris found in a single flatback turtle. 
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